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ABSTRACT 
After a comprehensive study of the site specific loading, it was recommended to 
replace the 45 year old concrete filled steel grid deck at the upper level of a signature 
suspension bridge with a steel orthotropic deck that is integral with the floor system and 
the stiffening truss. To accommodate the limitations on vertical clearance, the proposed 
deck consisted of relatively shallow closed trapezoidal ribs and sub-floor beams. In 
contrast to conventional orthotropic deck designs, the sub-floor beams were made 
integral with the existing stringers, making them load bearing in the transverse direction. 
Cutouts were provided in the sub-floor beams at the rib intersections for the pass through 
ribs and the ribs were provided with full depth internal bulkheads at the sub-floor beam 
intersections. One of the primary reasons for selecting an orthotropic deck was to provide 
a minimum 75 years service life with minimum maintenance, resulting in improved life 
cycle cost. However, the major concern related to deck was the possibility of in-service 
fatigue cracking from a large number of welded connections, if not adequately designed. 
The most severe of these details were the sub-floor beam to rib connections and the rib to 
deck welds that are subjected to complex in-plane and out-of-plane localized 
deformations under wheel loads. The cutouts in the load bearing sub-floor beams 
introduced additional stress concentrations. Because of the complex distribution of 
stresses, the traditional nominal stress based fatigue design provisions in the 
specifications were not readily applicable, and the deck design required advanced 
analysis. However, due to lack of sufficient validation against experimental data, 
application of local stress based fatigue design methods were not well established. As 
such, fatigue performance of the proposed replacement orthotropic deck was evaluated by 
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full scale prototype testing at the multi-directional testing facility in the ATLSS 
Engineering Research Centre, Lehigh University.  
A full-scale prototype consisting about a quarter of the deck between the panel 
points of the stiffening truss, and including one floor beam and two stringers was tested 
under simulated passage of AASHTO fatigue truck using six actuators loaded in series. In 
addition, the global displacement of the prototype deck under load is simulated by three 
actuators located under the floor beam and the two stringers. The deck response is also 
determined under a rolling tandem axle bogie load moved across the deck at a slow rate. 
The deck was instrumented using more than 300 sensors at critical locations. In addition, 
multi-level 3D Finite Element Analyses of the deck were carried out to understand the 
complex behavior of the deck under localized and moving wheel loads, to verify the 
measured response under static and dynamic loading conditions and to assess the fatigue 
performance of the critical welded details with respect to observed cracking and the 
applicability of local stress based approaches.  
The experimental and analytical studies identified the response characteristics of 
the deck and the critically stressed regions. The most severe region was the subfloor 
beam cutout adjacent to the termination on the rib, where significant stress concentration 
occurred under shear transfer through the subfloor beam. Premature fatigue cracking 
occurred through the bulkhead-to-rib fillet weld throat and at the rib-to-subfloor beam 
weld. No fatigue cracking was found at 80% partial joint penetration rib-to-deck weld  
Based on the studies, design improvements for the deck was suggested to provide 
more than 75 years service life under site specific truck traffic. 
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1 INTRODUCTION 
1.1 Background  
After a comprehensive study of the site specific loading, it was recommended to 
replace the 45 year old distressed concrete filled steel grid deck at the upper level of a 
signature suspension bridge with a steel orthotropic deck that is integral with the floor 
system and the stiffening truss. The orthotropic deck was chosen because of light weight 
and inherent redundancy, improved riding quality, low maintenance, accelerated modular 
construction in constrained urban environment, and increased life cycle cost. However, in 
view of the high volume of Average Daily Truck Traffic (ADTT) on the deck, and the 
concerns of increased possibility of fatigue cracking from a large number of welded 
connections in the orthotropic deck, the design and fabrication of the replacement 
orthotropic deck details needed to be verified for infinite fatigue life, i.e., no fatigue 
cracking in-service during the design life of the bridge. 
Figure 1 shows a photograph of the double-decker suspension bridge. The bridge 
comprises a center span of 1,300 m (4,625 ft) between towers and side spans of 350 m 
(1,148 ft). The structural framing of the suspended spans incorporates a vertical stiffening 
truss at each fascia and a transverse twin-cell box at each node of the stiffening truss at 
approximately 15.2 m (50 ft) spacing. The horizontal members of the box at the levels of 
top and bottom chords of the stiffening truss serve as floor beams to the upper and lower 
decks. The deck framing also includes longitudinal stringers spanning between the floor 
beams. The suspended span is hung from two main cables by four sets of four suspender 
ropes at each transverse box on each fascia. 
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The cross section of the bridge is shown in Figure 2. Currently a hybrid concrete 
deck that was installed during the original construction is in service. The deck utilized 
108 mm (41/4 in) deep I-beam grids with an integral overfill of 44 mm (13/4 in) to achieve 
a total depth of 152 mm (6 in). The reinforcing steel in the deck are uncoated. The 
concrete overfill along with 51 mm (2 in) asphalt overlay are the only protection for the 
reinforcement against corrosion. During its life time, the deck steels have experienced 
significant corrosion due to increase in chloride content in the concrete from permeating 
road salt (as part of winter maintenance) through the cracks in overlay and concrete. In 
addition, in recent years truck traffic has increased on the upper deck due to security 
measures. Site-specific Weigh-in-Motion (WIM) studies conducted in 2005 indicated 
frequent crossing of the bridge by trucks weighing 356~400 kN (80~90 kip) that 
overstressed the existing deck by about 30% (personal communication with Engineer of 
Record). The combined action of corrosion and high stress has further precipitated 
deterioration of the deck. 
1.2 Proposed Rehabilitation 
In an effort to salvage the existing deck, a couple of repair options were attempted 
by the Engineer of Record (personal communication) as a prototype including: (i) milling 
of 51 mm (2 in) asphalt overlay and 6 mm (1/4 in) concrete overfill, and (a) placing a 
waterproofing membrane and a 70 mm (23/4 in) asphalt overlay, or (b) placing a 51 mm 
(2 in) Class DP concrete overlay; or (ii) hydro-demolition of concrete to expose the grid 
of 108 mm (41/4 in) steel beams and replace with a 178 mm (7 in) class DP concrete. 
Unfortunately, none of these repair attempts were successful, as signs of distress 
reappeared within a year of completing the prototype repairs. As such, a deck 
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replacement was recommended to achieve a minimum 75 year service life under the site 
specific truck traffic. 
1.2.1 Selection of Orthotropic Deck 
The durability of a long span suspension bridge is most sensitive to the suspended 
dead load, as it not only affects the longevity of aging suspension cables, but also impacts 
the vertical profile of the bridge. Since the subject bridge is located over and important 
navigation channel, the vertical clearance is critical and cannot be compromised. As such, 
the requirements of the replacement deck was to provide (a) same or less dead load than 
the existing, (b) the required load carrying capacity, (c) minimal maintenance, and (d) the 
flexibility of operating a seventh lane in the future. The alternatives that could fulfill the 
objectives included: (i) a 108 mm (41/4 in) lightweight concrete filled grid deck with 38 
mm (11/2 in) asphalt overlay and steel edge barriers; (ii) a 127 mm (5 in) half filled 
concrete grid deck with 51 mm (2 in) monolithic overfill and steel edge barrier; and (iii) a 
steel orthotropic deck consisting of a 16 mm (5/8 in) thick deck plate, stiffened and 
supported by trapezoidal ribs and subfloor beams, with concrete edge barrier. Although 
the concrete decks were light weight and well suited for pre-casting, they had limitations 
due to required relief joints that are usually source of leakage and riding discomfort, 
susceptibility to corrosion from road salts, limited life of maximum 50 years, 
susceptibility to carbonation from vehicular emission on lower roadway, and requirement 
of larger seismic restraints. 
On the other hand, steel orthotropic decks provide a number of advantages. These 
decks are lightweight and suitable for modular accelerated construction with larger 
spacing of support points, minimizing the traffic interruptions and inconveniences to the 
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commuters. The highly redundant deck form enhances structural efficiency by providing 
higher ratio of ultimate resistance to self-weight (greater capacity of accommodating 
overloads) and higher blast and seismic resistance. Elimination of relief joints and a thin 
overlay on a sufficiently thick deck plate can provide improved riding quality and low 
maintenance (only occasional painting). In addition, in-service performance of these 
decks and laboratory tests of full scale prototypes have demonstrated that if adequately 
designed, detailed and properly fabricated, steel orthotropic deck is the only bridge deck 
system likely to provide a 100 year service life (Fisher and Roy 2010). A cost-benefit 
analysis demonstrated that despite similar initial construction costs, the life cycle cost of 
an orthotropic deck was about half of a concrete grid deck alternative. In view of the 
merits, the steel orthotropic deck option was selected for replacing the upper level deck 
of the signature bridge.  
1.3 Overview of Orthotropic Decks  
1.3.1 History 
To optimize structural performance and material use due to material shortages 
during post world war years, the engineers in Germany developed the concept of 
orthotropic bridge deck (Sedlacek 1992). A similar all welded steel plate bridge deck 
known as the “battle deck floor” system was, however, introduced in the United States by 
the American Iron and Steel Construction (AISC) in the 1930’s (Troitsky 1987) that had 
its root in navy warships. An orthotropic deck typically consists of a flat steel plate 
stiffened in orthogonal directions by a series of closely spaced ribs in longitudinal 
directions and sparsely spaced floor beams in the transverse directions. This results in 
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dissimilar stiffness in perpendicular directions of the deck. The property of having 
different elastic properties in two perpendicular directions is called orthogonal 
anisotropy, and therefore the deck is termed in short as orthotropic. The whole system is 
considered to act as a single unit by the composite actions and interactions between the 
ribs, the floor beams and the deck plate. This leads to an efficient design of the structure. 
1.3.2 Details of Orthotropic Deck System 
The construction details of all orthotropic decks are similar (Troitsky 1987). They 
consist of a steel plate that is the deck plate stiffened by longitudinal ribs and transverse 
floor beams. The steel deck plate has thickness that varies from 13 mm (1/2 in) to 25 mm 
(1 in). The deck plate is protected against corrosion by a protective epoxy coating and 
asphalt layer that is used as wearing surface. The orthotropic decks are generally 
classified as torsionally soft or torsionally rigid. Orthotropic decks with open ribs are 
torsionally soft. The open ribs are generally plates, inverted T-beam sections and angle 
sections. The closed ribs are of trapezoid, semicircular, and triangular shape. For efficient 
transverse distribution of loads, torsionally stiff closed ribs are mostly provided, 
connected to the deck plate with a specified minimum 75~80% partial joint penetration 
(PJP) groove weld deposited from outside. The various types of orthotropic deck systems 
are shown in Figures 2.1 to 2.3 of Troitsky (1987).  
In modern orthotropic deck construction, the ribs are passed continuously through 
matching cutouts in the floor beams, with or without additional cutout in the floor beam 
around the soffit of the rib, and with or without internal stiffening of the rib walls using 
bulkhead plates or stiffeners. These cutouts also help in continuous welding of the ribs to 
deck plate and allow the lower part of the ribs to rotate (when under rib cutouts are 
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provided) hence reducing the stresses at the junction with the floor beams. The floor 
beam dimensions are influenced by permissible deflection and erection requirements. The 
floor beams are generally spaced at 1.2 m (4 ft) to 31 m (15 ft) apart. The rib-to-floor 
beam connection is made with a both sided fillet or PJP weld transitioning to a groove 
weld at the cutout around the soffit of the rib. Attempts to fabricate the rib-to-floor beam 
connection with fillet welds near the cutout were unsuccessful (Tsakopoulos and Fisher 
2003). The floor beam-to-deck plate and the longitudinal (stiffener/stringer/girder) web-
to-deck plate connections are made with both sided fillet welds. Copes are not provided 
in the floor beam at the intersecting web-to-deck plate and the floor beam-to-deck plate 
welds. Fatigue crack growth from such copes due to distortion under wheel loads was 
experienced in Japan and Europe. 
Driven by logistics, orthotropic decks are fabricated in segments (or panels) that 
are spliced together in the field. The deck panels are pre-fabricated in the shop and 
transported to the construction site. The mode of transport depends on the size of the 
panels and the location of the site. In the United States, the most common practice is to 
use bolted splices in the rib and welded splices in the deck. The longitudinal splice in the 
deck plate is made with a complete joint penetration groove weld, deposited from both 
sides, with the root back gouged after removing the backing bar. The transverse splice in 
the deck plate is made using a groove weld with a backing bar left in place. A provision 
is made for continuous welding by providing cope holes in the ribs so that the backing 
bar can be continuous. 
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1.3.3 Issues of Orthotropic Decks 
Despite the advantages and extensive implementation around the world, in-service 
fatigue cracking of the welded connections under repeated vehicular loading is one of the 
primary challenges to successful use of orthotropic decks. Since orthotropic decks are 
fabricated by welding the deck elements together, the probability of fatigue and weld 
fabrication cracking from a large number of welded connections requires careful fatigue 
design and quality fabrication. Fatigue cracking in welded connections precipitate from 
inherent stress concentrations at the weld toe or at the weld root, initiating at the weld 
fabrication induced discontinuities such as slag inclusion at the weld toe, and lack of 
fusion (LOF) or porosity at the weld root. The fatigue crack propagation is promoted by 
the presence of high tensile residual stresses that are inherent to the welding processes. 
Weld cracking such as hot and cold cracking can also occur due to inappropriate 
fabrication processes. Successful performance of orthotropic decks in service requires use 
of carefully designed details (that are often fabrication sensitive), stringent prequalified 
fabrication practices and quality control. 
Premature fatigue cracking was mostly reported in early orthotropic decks that 
were designed without consideration to (and adequate knowledge of) fatigue of welded 
connections (Sedlacek 1992, Kolstein 2007). With the primary objective of reducing 
material weight, the early decks were designed using thin plates approximately ½ in (12 
mm) or less thick that increased distortional stresses at the welded connections and 
further precipitated fatigue cracking. Fatigue cracking was also precipitated by use of 
complicated and difficult to fabricate welded connections that according to current 
knowledge base would be characterized as poor fatigue details. In addition, inadequate 
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welds, such as use of fillet welds to achieve the rib-to-deck wel,ded connection, also 
contributed to premature fatigue cracking. 
Fatigue cracking in the earlier decks also resulted from inadequate assessment of 
stresses at the welded connection. Due to unequal stiffness in the longitudinal and 
transverse directions, orthotropic decks carry wheel loads by deforming unequally in the 
orthogonal directions. When the load is not in the immediate vicinity over the floor beam, 
load distribution occurs by transfer of wheel loads from the deck plate to the ribs, from 
the ribs to the floor beams, and from the floor beams to the main supporting system. The 
deck response is characterized by local in-plane and out-of-plane distortion of deck 
elements and global two-way flexural deformation of the system, which give rise to 3D 
stress fields in the deck elements and their connections. The deck response is influenced 
by the size and spacing of the ribs, the size and spacing of the floor beams, and the 
relative thicknesses of the deck plate, the rib wall and the floor beam. This complex 
behavior of the orthotropic deck needs to be simulated both in analysis and experiments 
for adequate fatigue assessment of the welded connections. 
The common modes of fatigue cracking are shown in the Figure 3. The fatigue 
cracking shown in Figure 3(a) is caused due to out-of-plane bending of deck plate and rib 
wall. The out-of-plane bending of the deck plate or the rib wall results in high local 
stresses at the rib-to-deck weld location. The thickness of deck plate should be at least 16 
mm (5/8 in) to reduce localized distortion under wheel loads. The rib wall must be flexible 
enough to accommodate the rotation of the deck plate. The cracks can initiate and 
propagate from the root as well as the toe of the rib-to-deck weld. Weld root cracking at 
the rib-to-deck connection can be avoided by sufficient penetration of weld material and 
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by controlling the root gap. As such, the AASHTO LRFD Bridge Design Specifications 
specify a minimum 80% penetration of the weld. The performance of this detail is also 
dependent on the clearance between the deck plate and ribs, which have to be very small 
during the welding process. The closed ribs can only be welded from outside and it is 
impossible to inspect inside the rib as it is sealed, so the welding of rib-to-deck must be 
done with utmost care.  
The typical cracking of the floor beam-to-rib weld is shown in Figure 3(b). At the 
floor beam-to-rib weld, in-plane axial and shear stresses and out-of-plane bending 
stresses due to the rotation of the rib are very high. The cutouts provided in the floor 
beam interrupt the stress path causing high stresses around the cutouts. At the rib-to-floor 
beam weld, the presence of geometric discontinuities caused by the weld toe and the 
cutout magnifies the stresses leading to fatigue cracks. The geometry of the cutout and 
the thickness of the floor beam web play a major role in fatigue resistance of rib-to-floor 
beam weld.  
The internal diaphragms or the bulkhead plates provided in the ribs at the location 
of the floor beams help in transfer of shear force from the floor beam to the main 
supporting members, when the floor beams are positively attached. The bulkhead plate-
to-rib weld is susceptible to fatigue cracking due to high stresses. Sufficient thickness and 
adequate weld penetration have to be provided to prevent cracking of the bulkhead plate-
to-rib connection. The stress in the bulkhead plate is largely in-plane, except at the rib -
to-bulkhead plate weld, where out-of-plane stresses may be present due to rib rotation.  
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1.4 Proposed Replacement Orthotropic Deck 
Figure 4 shows the section of the bridge with upper level concrete filler grid deck 
replaced with proposed orthotropic deck. The existing primary structural members like 
the stringers and the floor beams will not be replaced. The replacement deck will be 
supported on these structural members the same way the grid deck was supported. 
The framing plan for the proposed system is shown in Figure 5. It is proposed to 
provide three intermediate subfloor beam between any two consecutive floor beams. On 
each floor beam, a subfloor beam is provided. These subfloor beams would be spaced 
equally, at 3.8 m (12 ft 41/2 in). 
At each stringer, a longitudinal plate (stringer extension) is welded to the deck 
plate and connected to the stringer at discrete support points, which exist for grid deck 
diaphragms. Since the steel orthotropic decks can span longer than the grid decks, only 
intermittent support points are used for the stringer extension connections.  
The subfloor beams are made continuous across the entire width of the deck by 
splices at each stringer extension. The subfloor beams are provided with cutouts for the 
ribs to pass through them continuously. Additional cutouts are provided under the soffit 
of the ribs. The replacement orthotropic deck consists of 37 trapezoidal ribs in total. Two 
ribs on the outer cantilever section of the deck on each side are spaced at 0.7 m (2 ft 5 in). 
Between the stringers A and B, stringers B and C and stringers C and D, five ribs each 
are provided spaced at 0.6 m (2 ft 1 in), 0.7 m (2 ft 4 in) and 0.7 m (2 ft 3 in) respectively. 
The portion of the deck under the median contains three ribs spaced at 0.7 m (2 ft 5 in). 
The width of the each deck segment (panel) will be limited to the distance between the 
stringers. These deck panels will be joined by longitudinal splices adjacent to stringer 
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extensions. The length of the deck panels are decided such that a transverse splice is 
provided close to the floor beams. Thus four subfloor beams will be included in each 
deck panel. The orthotropic deck consists of 16 mm (5/8 in) thick deck plate and 8 mm 
(5/16 in) thick rib wall. The details of the orthotropic deck are further shown in Figures 6 
to 12 
1.5 Study Rationale 
To ensure optimum life cycle cost of the proposed replacement orthotropic deck, 
cost-effective fabrication of the deck details needed to be developed and their fatigue 
performance needed to be verified for infinite life. The fabrication and construction 
scenarios needed to be investigated in full-size decks to simulate production conditions. 
Particularly critical of the welded details in an orthotropic deck system are the rib-
to-deck and the floor beam-to-rib connections that are subjected to complex in-plane and 
out-of-plane stresses under localized wheel loads (Gajer et al. 1996). While the design for 
the subject orthotropic deck incorporated the trends of a successful modern orthotropic 
deck design (such as thicker deck plates) and the infinite life fatigue resistance of the rib-
to-deck plate weld for 16 mm (5/8 in) thick deck plates are generally well known from 
previous full-size fatigue tests (Tsakopoulos and Fisher 2003), fatigue performance of the 
bulkhead/subfloor beam-to-rib connections were of concern. To accommodate the 
limitations on vertical clearance (with respect to the lower deck), the proposed 
replacement deck consisted of relatively shallow closed trapezoidal ribs and subfloor 
beams. In contrast to previous replacement orthotropic deck designs, the subfloor beams 
were made integral with the existing stringers (through stringer extensions), making them 
load carrying in the transverse direction. Furthermore cutouts were provided in the 
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subfloor beams at the rib intersections for the pass through ribs, which would introduce 
additional stress concentrations at the welded connections. As is known form previous 
studies (Kolstein 2007), the cutout geometry significantly influences this stress 
concentration and successful fatigue performance of the detail. 
The response of orthotropic decks under wheel loads is quite complex that creates 
in-plane and out-of-plane stresses at the welded details as functions of the relative 
geometry of the connecting elements. Thus, the fatigue design of critical orthotropic deck 
details cannot be performed based on simple strength of material calculations. The 
complex behavior of orthotropic decks needs to be simulated both in analysis and 
experiments for accurate fatigue assessment of the welded connections. Fatigue 
resistance of different welded details in orthotropic decks of varied configurations has not 
been established by laboratory testing, where the boundary effects have been adequately 
accounted for. Only a handful of such tests in the United States provided data on rib-to-
deck plate weld detail and the rib-to-floor beam connections with cutout of particular 
geometric configuration, which were not readily applicable to the orthotropic deck details 
for the subject bridge. In addition, without sufficient validation against experimental data, 
application of local stress based fatigue design methods are not well suited for reliable 
and consistent fatigue design methodology for infinite life of welded connections in 
orthotropic decks. Thus, full-size testing that adequately captures the behavior of 
orthotropic decks is the only rational means of evaluating in-service fatigue performance 
of orthotropic decks. 
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Accordingly, fatigue performance of the replacement orthotropic deck was 
evaluated at the multi-directional testing facility in the ATLSS Engineering Research 
Centre, Lehigh University by full-scale prototype testing.  
1.6 Objectives of Current Study 
The objectives of this study were: 
1. to assess the fatigue performance of the replacement orthotropic deck for the 
signature bridge by full scale prototype testing simulating the passage of AASHTO 
tandem axle loading; 
2. to determine the response of the replacement orthotropic deck under static and rolling 
wheel loads; and 
3. to characterize the behavior and response of the prototype orthotropic deck by 3D 
Finite Element Analyses and laboratory measurements.  
1.7 Study Approach 
To achieve the study objectives the following approach was adopted. A full-scale 
prototype consisting of about a quarter of the deck between the panel points of the 
stiffening truss, and including three subfloor beams and two stringer extensions (Figure 
6) was tested under simulated passage of the tandem axle of the AASHTO fatigue truck. 
The fatigue testing was conducted using six actuators loaded in series. In addition, the 
global vertical displacements of the prototype deck under load were simulated by three 
actuators located under the floor beam and the two stringers. The deck response was also 
determined under a rolling tandem axle bogie load moved across the deck at a slow rate. 
The deck was instrumented using more than 300 sensors at critical locations. In addition, 
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multi-level 3D FEA of the deck were performed to understand the complex behavior of 
the deck under localized and moving wheel loads, to verify the measured response under 
static and dynamic loading conditions and to assess the fatigue performance of the critical 
welded details with respect to observed cracking. The full-scale prototype was also used 
as a full scale mock up to develop critical information on construction issues related to 
fabrication and deck installation. 
1.8 Review of Previous Studies 
A preliminary search conducted during this study revealed more than 100 
publications in English on steel orthotropic decks. These publications spanned a wide 
range of areas including: application and case studies (mostly for signature bridges); 
general performance evaluation; analysis of stresses and design; experimental and 
analytical evaluation of fatigue resistance including effects of fabrication; fatigue 
assessment based on field monitoring and FEA; evaluation of in-service fatigue cracking 
and retrofit; strengthening mechanisms; performance of wearing surfaces; effect of 
wearing surfaces on stresses in the deck plate; evaluation for stability and ultimate loads; 
life cycle cost analysis, and new concepts of orthotropic deck forms. Out of these, 
publications related to full scale experimental and analytical evaluation of fatigue 
resistance of orthotropic decks was of primary interest. 
Significant research was performed on fatigue resistance of welded details for 
orthotropic decks in the United States, in Europe (notably in the United Kingdom, the 
Netherlands and Germany), and in Japan. In Europe and Japan, the research efforts were 
limited to experimental and analytical evaluation of fatigue performance of orthotropic 
decks that exhibited distress in service and developing effective retrofit details. These 
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decks mostly employed thin deck plates of 12 mm (1/2 in) or less that often exhibited 
fatigue cracking from the weld toe or the weld root due to significant localized distortion 
under wheel loads. In many deck, fillet welds were used at the rib to deck connection that 
exhibited fatigue cracking through the weld throat within a few years of putting to service 
(Kolstein 2007).  
Fatigue resistance of orthotropic decks by full scale prototype testing was mostly 
evaluated in the United States for replacement decks in signature bridges. These tests 
were conducted at the ATLSS Engineering Research Center, Lehigh University for the 
Williamsburg Bridge in New York City (Tsakopoulos and Fisher 2003, Kaczinsky et al. 
1997), and for the Bronx Whitestone Bridge in New York City (Tsakopoulos and Fisher, 
2005), with realistic simulation of boundary conditions, moving loads and fabrication 
effects. These studies primarily focused on the rib-to-floor beam connections with 
continuous ribs and a cutout provided in the floor beam under the soffit of the rib. In both 
these replacement orthotropic decks, the intermediate subfloor beams were not connected 
to the main load carrying members, and essentially acted as diaphragms. 
In the first study related to rehabilitation of the Williamsburg Bridge, a complete-
penetration groove weld 102 mm (4 in) along the termination of the floor beam cutout, 
reinforced with back-to-back fillet welds that continued above the groove weld was 
investigated. An internal bulkhead plate was provided in the ribs at the floor beam to 
minimize the out-of-plane distortion of the rib wall and to transmit forces in the floor 
beam across the rib wall. 
The prototype of replacement orthotropic deck for the Williamsburg Bridge was 
tested in three phases. In Phase 1, two alternative details of the subfloor beam-to-rib 
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weld, identified as “Weld Option A” and “Weld Option B,” were tested (Kaczinski et al. 
1997). The Weld Option A, proposed by the designer of the replacement deck, consisted 
of 102 mm (4 in) adjacent to the termination of the cutout fabricated with a combination 
full penetration weld and fillet weld, while the rest of the subfloor beam was fillet welded 
on both sides. The Weld Option B recommended by the 1994 AASHTO LRFD Bridge 
Design Specifications consisted of fillet welded connection that stopped short of the 
cutout. To compare these options, both details were included in the prototype. Test results 
indicated that Weld Option A was more resistant to fatigue compared to Weld Option B. 
This was because in the Weld Option A, no lack of fusion existed in the rib-to-floor beam 
(full penetration) weld at the cutout termination. It was also determined that the 
installation of bulkhead plates eliminated the out of plane distortion induced cracking in 
the rib wall. The fillet welded bulkhead to rib connection was found to be susceptible to 
fatigue cracking. The loading configuration represented a single-axle that was consistent 
with the characteristics of an AASHTO HS15 fatigue design truck. This provided a more 
severe loading condition on the floor-beam than a split tandem-axle. The axle loads were 
applied by three to five deck actuators spaced at 10 ft (3.1 m) along the test deck. The 
deck was tested for 8.5 million cycles at a load level of 1×HS15 fatigue truck with an 
additional 33% more load to account for impact in the outer lane of the cantilever. Phase 
1 testing resulted in adoption of Weld Option A and design improvements were 
incorporated in production panels.  
The first part of the second phase testing (Phase 2A) was conducted to assess the 
effectiveness of Phase 1 design improvements. The load levels were similar to that of 
Phase 1 testing. After 5 million cycles of loading, no fatigue cracking was detected in any 
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of the rib-to-subfloor beam weld connections. This validated that the Weld Option A was 
a better choice. However, one crack was detected at the cutout, which had originated 
from a notch defect in the flame cut edge of the diaphragm plate. The other sub floor 
beams with the Weld Option B also cracked. Subsequently, a third full scale laboratory 
fatigue study was conducted identified as Phase 2B, under an increased load level of 
2.3×HS15 fatigue truck and 33% impact. An additional 2 million cycles of fatigue testing 
was performed. This phase of testing showed that the fatigue resistance of Weld Option 
A was defined by AASHTO LRFD as Category C fatigue design curve.  
The second study was carried out for the Bronx-Whitestone Bridge deck 
replacement. The replacement orthotropic deck design incorporated the improvements 
brought forward by the Williamsburg Bridge deck testing. However, in this deck the 
bulkhead plate was replaced with two internal stiffeners at the rib-to-floor beam 
connection. In addition, the groove weld between the floor beam and the rib wall was 
defined as a complete penetration groove weld over its full length. The internal stiffeners 
reduced the force transmitted through the rib wall and served to distribute the distortion 
of the rib wall away from the diaphragm connection. 
Apart from the rib-to-floor beam connection, two types of diaphragm plates 
splices, two types of bolted rib splices, and open plate ribs at each edge of the deck were 
also investigated. The primary objective of the testing was to determine the infinite life 
fatigue resistance of the prototype deck.  
The loading method used in this testing simulated the passing of a factored HS15 
fatigue truck in the outer “truck lane” using three deck actuators spaced at 1.5 m (5 ft) 
along the length of the deck. Each actuator represented a tandem axle pair. The load level 
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was equivalent to 3×HS15 fatigue truck including 15% for impact. a load level that 
corresponded to the (estimated) maximum stress range in the random variable spectrum 
determined from field measurements by Connor and Fisher (2001) and Connor et al. 
(2003). Two floor actuators spaced at 20 ft (6.0 m) were used to simulate the curvature of 
the symmetrically loaded (and deflected) full-width section, shear and moment, and the 
resulting floor-beam diaphragm effects (Fanjiang et al. 2004). No crack was found on the 
rib-to-floor beam welded connections after testing the deck specimen for 4.1 million 
cycles at a cycling frequency of 0.79 Hz. On the deck plate three fatigue cracks were 
detected close to the loading pads near floor beam connections. All these cracks 
originated from the weld root of deck plate-to-rib welds. It may be noted that since the 
simulated axle load on the deck was not split into a tandem, pressures were applied by 
load pads on the deck, which were twice the maximum local load experienced by the 
deck in the field.  
Since there was no detectable damage in the rib-to-floor beam welded 
connections, a new phase of testing was conducted on the same deck. For the Phase 2 
testing the load was increased significantly (4.6×HS15). Although the load was extreme 
and unrealistic of actual truck axle loads, it was applied to increase stress range levels 
that were relatively low at the rib-to-floor beam connections. The deck was tested for 
additional 2 million cycles. In this phase of testing, one crack was discovered in the deck 
plate under the load pads, similar to that in the earlier phase. Again, it should be noted 
that the load level on the load pad was unrealistic. No fatigue crack was detected in any 
of the rib-to-floor beam connections after 6.1 million cumulative cycles of loading 
applied on the prototype deck.  
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The laboratory fatigue test programs on full-scale orthotropic deck panels for the 
Williamsburg and Bronx-Whitestone Bridge provided valuable information on the 
complex behavior and fatigue performance of orthotropic deck systems that was in good 
agreement with finite element models used for design. The laboratory tests confirmed 
that loading in Lane 1 (shoulder lane) was the worst case and that the highest stresses 
were in deck elements and connections directly under the wheel load prints. Tests 
revealed how the variation of plate and weld geometry, as well as the in-plane and out-of-
plane components of the stress range, influenced fatigue crack development in the rib-to-
diaphragm and rib-to-bulkhead connections. 
The only crack that developed in the Bronx-Whitestone Bridge prototype were in 
the deck plate at the floor beam and extended beyond the wheel load prints on the deck in 
the tests at the higher axle loads. These observations reflected a capacity inherent to the 
orthotropic deck system to redistribute stresses induced under the elevated truck loadings 
that were simulated. The test programs demonstrated the effectiveness of design 
improvements that ultimately enhanced the fatigue resistance of the replacement deck 
panels currently in service, and they are expected to exceed the required 75 year design 
life on the Williamsburg and Bronx-Whitestone Bridge. 
1.9 Outline 
The thesis contains six chapters and two appendices. The first chapter introduces 
the background and the problem statement and discusses the issues with the orthotropic 
decks for achieving the required service life. Motivation for the study presented in this 
thesis is discussed and the study objectives and approach are provided. In addition, a 
review of relevant previous studies is also presented 
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The second chapter describes the prototype deck that was tested in the 
experimental program. The chapter provides details of the test setups and the 
instrumentation methods. In addition, the details of tests conducted are provided. 
The third chapter contains the finite element analysis of the prototype deck and 
describes the behavior of the deck under wheel load. The critical components and details 
of the deck are identified in this chapter. 
The fourth chapter discusses the crawl test results, including the behavior of the 
prototype deck under rolling load. The behavior response of the deck for various 
transverse and longitudinal load positions is discussed in this chapter. 
The fifth chapter discussed the static test and the fatigue test results including the 
observed fatigue cracks and assessment of fatigue resistance. 
The final chapter presents the conclusions, recommendations and requirements for 
further research. 
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2 FULL SCALE LABORATORY TESTS 
2.1 Test Plan 
A part of the upper level deck framing plan of the bridge is shown in Figure 5. A 
full size prototype of a portion of the replacement deck, as identified by the dashed 
rectangle in Figure 5, was considered for testing. A typical cross section of the bridge 
showing the replacement upper level deck is presented in Figure 4, with the part of the 
bridge considered for testing identified with a dashed rectangle. The carriageways on the 
bridge were oriented in the east-west direction. The prototype deck in the ATLSS 
laboratory was oriented in the north-south direction and will be referred to accordingly in 
the subsequent sections. The plan of the prototype deck is shown in Figure 6. The 
prototype deck was included one outer traffic lane (slow lane). Portions of a floor beam 
and the stringers A and B, within the projection of the deck in plan, were included as part 
of the test setup to reproduce realistic boundary conditions. The primary goal of testing 
the prototype replacement orthotropic deck was to determine the fatigue resistance of 
various welded connections in the deck.  
As explained in the previous chapter, the horizontal members of the transverse 
box at each node of the stiffening truss of the bridge constituted the floor beams to the 
upper and lower level decks. The vertical and horizontal members of the transverse box 
were built-up box sections (built from plates) having large moment of inertia. Due to 
relatively shorter length of the vertical members compared to the horizontal members, the 
rotational stiffness of the vertical members was significantly larger compared to the 
horizontal members. Accordingly, the end connections of the horizontal members with 
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the verticals were essentially fixed. This fixity at the west end of the floor beam in the 
laboratory testing was implemented by fixing the floor beam to the reaction wall. The 
east end of the floor beam was supported by an actuator. In the bridge, the longitudinal 
stringers framed into the floor beams. In the laboratory test setup, the part stringers were 
cantilevered from the floor beam on the north and the south sides. On the north side, the 
length of the stringers was 1.0 m (3 ft 31/2 in); while on the south side the stringers were 
8.3 m (27 ft 4 in) long. The southern ends of the south side stringers were supported by 
actuators. The north end of the north side stringers was unsupported. The actuators under 
the floor beams and stringers were displacement controlled to simulate the continuity 
boundary conditions.  
The deck was tested to a simulated loading due to the passage of a tandem axle of 
the HL-93 notional truck as per of the AASHTO LRFD Bridge Design Specifications. 
This was achieved by loading the deck with six overhead actuators that were loaded 
sequentially in pairs. The actuators were separated by a distance similar to the distance 
between the axles of the notional truck in tandem configuration. The actuators were 
attached to a spreader beam, which represented each axle of the tandem of a notional 
truck and distributed the load to the deck through loading pad at each end simulating the 
tire contact of wheels. The transverse distance between the loading pads were identical to 
distance between the wheels as per the AASHTO LRFD Bridge Design Specifications. 
The lateral and longitudinal position of the actuators was decided by conducting crawl 
tests prior to fatigue tests, where a bogie of AASHTO tandem configuration was rolled 
across the deck for various transverse positions. The details of loading are further 
described in sections 2.8 and 2.9. 
 25 
 
2.2 Description of Prototype Deck 
The plan view of the prototype deck is shown in Figure 6. The prototype deck was 
10.3 m (33 ft 10 in) long and 6.8 m (22 ft 21/4 in) wide, and consisted of nine longitudinal 
ribs; three transverse subfloor beams and two longitudinal stringer extensions. The deck 
was divided into three bays and six panels. The internal bay in between the stringer 
extensions had five ribs and two side bays had two ribs each. The deck panels were 
prefabricated pieces of the deck that were connected by field splice. The bay on the west 
was 1.6 m (5 ft 21/8 in) wide. The ribs in this bay were spaced 0.7 m (2 ft 5 in) apart 
(Figure 7). The inner bay was 3.5 m (11 ft 4 in) wide. The ribs in this bay were spaced 
0.6 m (2 ft 1 in) apart (Figure 7). The bay on the east was 1.7 m (5ft 8 in) wide. The ribs 
in this bay were spaced 0.7 m (2 ft 4 in) apart (Figure 7). Thickness of the deck plate was 
16 mm (5/8 in). The ribs were of closed trapezoidal shape. The details of a typical rib are 
shown in Figure 8. The ribs were 305 mm (12 in) deep and 8 mm (5/16 in) thick. The ribs 
were cold bent and welded to the deck plate with a recommended 80% partial joint 
penetration (PJP) weld as per the detail shown in Figure 8. 
The prototype deck consisted of three transverse subfloor beams spaced 3.8 m (12 
ft 41/2 in) apart (Figure 6) including one typical subfloor beam on the floor beam and two 
typical intermediate subfloor beams. The subfloor beams were an inverted T-section and 
were welded to the deck plate on the top using 6 mm (1/4 in) back to back fillet welds. 
The subfloor beam located centrally on the floor beam was identified as SFB1 (Figure 9). 
The web plate of SFB1 was 19 mm (3/4 in) thick. The two intermediate subfloor beams, 
identified as SFB2a and SFB2b, were identical as shown in Figure 10. These subfloor 
beams were 0.6 m (1 ft 93/8 in) deep, and had a 16 mm (5/8 in) thick web and 51 mm (2 
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in) thick bottom flange. Cutouts were provided in the subfloor beams for the ribs to pass 
through continuously. A typical subfloor beam-to-rib welded connection is shown in 
Figure 11. Internal full depth bulkhead plates were provided in the ribs at subfloor beam 
intersections. The bulkhead plates were 8 mm (5/16 in) thick. An 8 mm (5/16 in) gap was 
provided between the top of the bulkhead plate and the underside of deck plate. The 
bulkhead plates were attached to the ribs by back-to-back 6 mm (1/4 in) fillet welds. 
A typical stringer extension is shown in Figure 12. The deck was made integral 
with the stringers by discretely fastening the stringer extensions A and B (SE-A and SE-
B) to the stringers using the double seat angles. Stringer extensions were welded to deck 
plate. The SE-A and SE-B was welded to the deck plate using complete penetration 
groove weld. At the junction with subfloor beams, the stringer extensions were 
continuous, and the subfloor beams were connected to the stringer extensions by 
4×31/2×3/8 angles. The flange plates of the subfloor beams on the either side of the 
stringer extensions were spliced connected with 16 mm (5/8 in) thick and 114 mm (41/2 in) 
wide plate.  
The underside surface of the prototype deck was painted with a three coat paint 
system.  
2.3 Test Setup 
A typical view of the test setup is shown in Figure 13. Test fixtures are described 
in section 2.4. The west end of the floor beam was fixed to the reaction wall using a wall 
fixture. The overhead actuators were supported by an arrangement of three parallel cross 
beams and one longitudinal beam (Figure 14). These cross beams were attached to the 
reaction wall using a wall column at the west end and to a floor column at the east end 
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(Figure 13). The initial plan was to equally space the cross beams at 3.1 m (10 ft) 
spacing. The south wall column, however, was already installed in the current location, 
and extensive efforts would have been required to move the wall column from one 
location to another. As such it was decided to leave the south wall column in place. The 
final arrangement of cross beams is shown in Figure 14. The longitudinal beam, 
identified as the loading beam was hung from the cross beams to support the overhead 
actuators, since more actuators than the cross beams were used and the locations of 
actuators did not coincide with the cross beams. 
A total nine hydraulic actuators, six above the deck and three under the deck, 
were used for applying load to the prototype deck and for simulating boundary conditions 
respectively. The details of these actuators are provided in section 2.9.1. The overhead 
actuators were located 1.3 m (4ft 11/2 in) apart and were numbered 1 to 6 starting at the 
north end. The under deck actuators were placed at the east end of floor beam and the 
south ends of the stringers. The actuators under stringers A and B and the floor beam 
were numbered 7, 8 and 9 respectively. As discussed earlier, the above deck loading 
simulated the passage of a single axle of the AASHTO HL-93 notional truck in tandem 
configuration. The details of loading and the loading protocol are described in section 
2.9.1. At each actuator location a spreader beam was installed to distribute the loads to 
two loading pads placed 1.8 m (6 ft) apart in the transverse direction. Each loading pad 
simulated the contact of a pair of wheels art each end of an axle of a truck. The load was 
transferred to the prototype deck by the load pads.  
Three support columns were installed close to the propped cantilever ends of the 
floor beam and the stringers (Figure 12) as a safety measure. The floor beam and the 
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stringers rested on the support columns whenever the testing of the prototype deck was 
stopped. The height of support columns was shorter than the height of the floor beams 
and stringers above the laboratory floor. The difference in height was made up by placing 
shims on top of the support columns. These shim supports were removed during fatigue 
testing. 
2.4 Test Fixtures 
2.4.1 Floor Beam Wall Fixture 
A wall column was used to attach the floor beam to the reaction wall (Figure 15). 
This fixture was fabricated using a W14×398 wide flange section. Two 64 mm (21/2 in) 
thick steel plates were groove welded to the edge of the flanges of the wide flange section 
to accommodate the width of the floor beam. Two connection plates were attached 
perpendicular to the wall column 1.1 m (3 ft 63/8 in) apart vertically, by complete joint 
penetration (CJP) groove welds. The plates were 38 mm (11/2 in) thick and 0.7 m (2 ft 
39/16 in) long. The top flange of the floor beam was supported on the top connection plate 
and the bottom flange of the floor beam was supported on the bottom connection plate 
(Figure 15). The connection plates were fastened to the top and bottom flanges of the 
floor beam using 25 mm (1 in) diameter bolts. The wall column was fastened to the 
reaction wall at three elevations using anchor rods. The floor beam was located centrally 
between the bottom two rows of anchor rods. Two angles were provided on either side of 
the floor beam, which were welded to the wall column. The outstanding legs of the 
angles were bolted to the floor beam. The connection between the top and bottom 
connection plates and the floor beam were designed as moment connections. The angle-
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to-floor beam connections were designed to carry vertical shear. The bolted connections 
between the floor beam and wall column were designed as slip critical. The welded 
details between connection plates and the wall column were Category E´ details and were 
designed for infinite life to avoid any fatigue failure during deck testing. The details of 
the wall fixture are shown in Figure 15. 
2.4.2 Cross Beam Fixtures 
Additional wall columns and floor columns were used to support the cross beams 
(Figure 13). Both the wall columns and the floor columns were fabricated from the 
W12×190 sections. The wall columns were fastened to the wall at two elevations by 
anchor rods. The floor columns were fastened to the lab floor at its base.  
2.4.3 Cross Beams 
The cross beams consisted of two pairs of wide flange sections layered vertically. 
W30×326 sections were used to fabricate both primary (bottom) and secondary (top) 
pairs of cross beams (Figure 13). The bottom pair was 9.3 m (30 ft 51/4 in) long and top 
pair was 7.9 m (26 ft) long. The flanges of the cross beams were trimmed by 25 mm (1 
in) each on the mating faces (inner faces) for the passage of vertical rods that were used 
to hang the loading beam. The gap allowed the loading beam to be moved transversely as 
necessary. 
2.4.4 Loading Beams 
The loading beam spanning longitudinally across the cross beams was fabricated 
from W14×233 section (Figure 14). The distance between the north and the intermediate 
wall column was 4.6 m (15 ft) and the distance between the intermediate and the south 
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wall column was 3.0 m (10 ft). The section was increased at the longer span by adding a 
top beam in-order to increase the stiffness of the loading beam and reduce deflection. The 
loading beam was hung from the cross beams by a pair of threaded rods of 25 mm (1 in) 
diameter passing through the gap in mating flanges of the cross beams as described in 
section 2.4.3. The threaded rods were fastened to 51 mm (2 in) thick plates welded to the 
bottom flange of loading beam and were bolted to bearing plates across the top flanges of 
the cross beams. 
2.4.5 Spreader Beam 
The load from each above deck actuator was distributed to two load blocks by a 
spreader beam (Figure 13). The spreader beams were fabricated from W12×136 sections. 
At the ends of the spreader beam, 1.8 m (6 ft) apart in transverse direction, 25 mm (1 in) 
diameter semicircular rods were attached to the soffit of spreader beams. The 
semicircular rods were oriented transverse to the spreader beam and were welded on their 
flat face to the beam flange. The spreader beams were supported on the loading blocks at 
the semicircular rods, creating a knife edge interface between the load blocks and 
spreader beam. Each loading block was restrained in position using four threaded rods 
passing through the bottom flange of the spreader beams. The loading blocks were bolted 
to the spreader beams only when the load blocks were lifted off the deck during 
balancing instruments under zero load condition. At the other times, the nuts on the 
threaded rods were left loose to allow vertical separation between spreader beams and the 
loading blocks for effective knife edge interface. 
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2.4.6 Loading Block 
The loading block was designed as 168 mm (65/8 in) high assuming a 30° spread 
of load through the loading block. A pair of 16 mm (5/8 in) thick rubber pad (loading pad) 
were glued under the loading block to simulate a pair of rubber tires (wheels). Each 
loading pad was 254 mm (10 in) long and 241 mm (91/2 in) wide. A transverse gap of 25 
mm (1 in) was provided at the center of the loading pad, representing the separation 
between paired tires, The outer dimensions of the loading pads were 254 mm (10 in) long 
and 508 mm (20 in) wide, in accordance with the tire patch dimension stipulated in the 
AASHTO LRFD Bridge Design Specifications. A guide truss was fabricated from angles 
and installed on the deck using C-clamps to keep the loading blocks in position during 
fatigue testing. 
2.4.7 Safety Columns 
As described previously, the cantilevered ends of the floor beam and the stringers 
A and B were supported on the safety columns when the test was stopped. The safety 
columns were built from W12×190 sections. The safety columns were 2.4 m (8 ft) tall, 
which were 51 mm (2 in) below the soffit of the floor beam and the stringers A and B. 
The safety columns were made short to clear the floor beams and the stringers during 
testing. Shims were placed between the safety column and the floor beams and the 
stringers to make up for the difference of height. The base of the safety columns were 
fastened to the lab floor.  
2.4.8 Actuator Fixtures 
The under deck actuators were attached to the floor beams and the stringers A and 
B using fixtures built from 25 mm (1 in) thick plates. Based on the height and the stroke 
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of the actuators the height of the fixtures was decided. The characteristics of the actuators 
are described in section 2.9.1. The actuator fixtures under the floor beam and the stringer 
A was 0.3 m (1 ft) and the height of the fixture under the stringer B was 0.2 m (6 in). The 
base of the actuators was positioned in place by attaching them to fixtures which were in-
turn fastened to the lab floor. The fixtures at the base of the actuators were built using 51 
mm (2 in) thick plates. The height of these fixtures was 0.4 m (1 ft 4 in) under the 
actuators #7 and #9 and 51 mm (2 in) under the actuator #8. 
2.5 Installation of the Fixtures and the Prototype Deck 
The wall fixture for the floor beam was installed first, as it provided primary 
support to the test setup. Temporary shoring was installed to erect the floor beam, the 
stringers and the prototype deck. The floor beam was bolted to the wall fixture and the 
stringers were bolted to the floor beam to create the support for the prototype deck.  
The six panels of the prototype deck were brought and joined in the laboratory to 
simulate the installation of deck panels in the field. This process helped in verifying the 
procedure for field installation and splicing on a full scale mock-up. The panels were first 
bolted to the stringers via the stringer extensions and the transverse splices for the 
subfloor beam were made. The longitudinal and transverse splices in the deck plate were 
groove welded using a metal backing bar. For the transverse deck splice, the metal 
backing bar was left in place. For the longitudinal deck splices, the backing bar was 
removed after welding. The weld was back gouged and the root was re-welded to remove 
any defects at the weld root. Initially a ceramic backing bar was tried for the transverse 
deck splice to reduce the possibility of fabrication discontinuities at the weld root. 
However, this attempt was not successful and a metal backing was used instead. The 
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welded deck splices were ultrasonically inspected and any unacceptable defects were 
repaired. The longitudinal splices in the ribs and the stringer extensions were bolted. All 
bolted connections were as slip critical.  
The actuator supports along with the actuators were installed under the stringers 
and the floor beam. The wall columns and the floor columns were fastened to the reaction 
wall and the laboratory floor respectively. The cross beams were installed at a height of 
3.9 m (13 ft) above the prototype deck and fastened to wall and floor columns. The 
loading beam was hung from the cross beams the threaded rods. The loading beam was 
located at the desired transverse position by tightening the threaded rods across the top 
flange of the cross beams and the bottom flange of the loading beam as discussed earlier. 
The overhead actuators were bolted to the loading beam at the desired positions. The 
spreader beams along with the loading blocks were located on the deck plate, oriented in 
the transverse direction symmetric with the actuators. The bottom clevises of the 
actuators were then fastened to the top flange of the spreader beam. Finally, the guide 
truss was installed bounding the loading blocks to prevent them from walking. 
2.6 Instrumentation 
The prototype deck was extensively instrumented to determine its global response 
and to measure the local stresses at the fatigue sensitive connections. The instrumentation 
plan was provided by designer if the deck. Stresses were measured at several locations of 
the prototype deck that were considered to be critical using surface mounted, 
encapsulated metallic, bonded or welded electrical resistance strain gauges. In addition, 
vertical displacements of the ribs and deck plate were measured using linear variable 
differential transformers (LVDTs). The majority of the strain gauges were installed on 
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SFB1 and SFB2a at junctions with ribs 2, 3, 7 and 8, and on the bulkhead plates. Strain 
gauges were also installed on the top face of the deck plate and on the soffit of the ribs. 
The strain gauges on the top face of the deck plate were concentrated near the deck 
splices and the centerline of the subfloor beams. Strain gauges at the soffit of ribs were 
installed at two transverse sections at 1.3 m (4 ft 11/2 in) north and south of SFB2a. 
Vertical displacements of the deck plate were also measured at the north section. A strain 
gauge and a LVDT was provided at the soffit of SFB2a near its midspan. Strain gauges 
were also installed at copes and seat angles of stringer extension.  
In addition to gauge plan provided by the designer, additional back-to-back strain 
gauges were installed at two sections of Rib 7, as part of this study. These gauges were 
installed on the top and bottom faces of the deck plate and on the inner and outer faces of 
rib wall, abutting the rib-to-deck welds on the either side of the rib. During the fatigue 
test, additional strain gauges were installed on the underside of ribs 3 to 7 at the 
intersection of SFB2a.  
Strain gauges of uni-axial, bi-axial and rosette configurations having different 
gauge lengths, resistances and applicable temperature ranges were used. The different 
types of strain gauges used were: (i) Vishay Micro Measurements CEA-06-250UW-350 
uni-axial bondable gauges having 350Ω resistance and 6 mm (1/4 in) gauge length; (ii) 
Vishay Micro Measurements LWK-06-W250B-350 uni-axial weldable gauges having 
350Ω resistance and 6 mm (1/4 in) gauge length; (iii) Vishay Micro Measurements LZN-
NC-W250G uni-axial weldable (high temperature) gauges having 120Ω resistance and 6 
mm (1/4 in) gauge length; (iv) Vishay Micro Measurements CEA-06-UT-350 bi-axial 
(also called tee rosette) bondable gauges having 350Ω resistance and 6 mm (1/4 in) gauge 
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length. (v) Vishay Micro Measurements CEA-06-250UR-350 rosette (also called 
rectangular rosette) bondable gauges having 350Ω resistance and 6 mm (1/4 in) gauge 
length. On the deck plate and the ribs, weldable uni-axial strain gauges were used. The 
strain gauges used on the subfloor beams and stringer extensions were bondable strain 
gauges of uni-axial, bi-axial and rosette type.  
During the initial static test, 196 uni-axial, 50 rosette, 4 bi-axial strain gauges and 
9 LVDTs were installed on the prototype deck, involving a total of 363 data channels. 
During the subsequent fatigue testing some of the strain gauges and all the LVDTs were 
disconnected and additional strain gauges were installed at areas of interest.  
Prior to installation of the strain gauges, the paint on the soffit of the prototype 
deck was ground to bare steel at the strain gauge locations. The strain gauges were 
installed in accordance with the guidelines provided by the strain gauge manufacturers. 
2.6.1 Instrumentation of Deck Plate  
Weldable uni-axial strain gauges of 6 mm (1/4 in) gauge length were installed on 
the top and the bottom surfaces of the deck plate as shown in Figure 16. Strain gauge 
channels 194 to 199, 207 and 208 were installed on the top surface of the deck plate, 
oriented in the transverse direction along the centerline of the floor beam and SFB1. 
Location of strain gauges channels 194 to 196 and 197 to 199 were provided in Figures 
17 and 18 respectively. These strain gauges were provided above the copes in SFB1 at 
the intersections with SE-A and SE-B respectively, where local transverse bending 
stresses were expected under the wheel loads. The gauges channels 194 and 195 were 
installed on either side of the longitudinal CJP deck splice to the east of SE-B, abutting 
the weld toes. The strain gauge 196 was located to the west of SE-B. Similarly, strain 
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gauges channels 197 and 198 were installed on either side of the longitudinal CJP deck 
splice to the west of SE-A, abutting the weld toes. The strain gauge channels 199 was 
located to the west of SE-A. The strain gauge channels 207 and 208 were installed 
between ribs 1 and 2 and ribs 5 and 6 respectively, to capture the global response of the 
deck. 
Similar to the strain gauge arrangement on the deck plate at SFB1, strain gauges 
were installed on the deck plate along the centerline of SFB2a. These are: the strain 
gauges channels 200, 201 and 202 near SE-B (Figure 19); the strain gauges channels 203, 
204 and 205 near SE-A (Figure 20); the strain gauge channels 214 and 215 in between 
ribs 1 and 2, and ribs 5 and 6 respectively. In addition, the strain gauge channel 211 was 
installed on the deck plate, oriented in the longitudinal direction of Rib 5, to capture the 
global behavior of the deck in the longitudinal direction. Along the centerline of SFB2b, 
two strain gauges channels 212 and 213 were installed in between ribs 1 and 2, and ribs 5 
and 6 respectively, oriented in the transverse direction of the deck. The strain gauge 
channel 206 was installed on the deck plate oriented in the longitudinal direction and 
aligned with the center line of Rib 5 and also with strain gauge channel 211. This strain 
gauge was located at mid span between SFB1 and SFB2a, and was provided to capture 
the global response of the deck under wheel loads. 
Additional weldable strain gauges of 6 mm (1/4 in) gauge length were installed on 
the deck plate at two transverse sections that were at third spans between SFB1 and 
SFB2a. These sections coincided with the planes containing actuators #3 and #4 
respectively. The strain gauges were provided only at Rib 7, at both the east and west 
intersections of deck plate with rib walls and were oriented in the transverse direction as 
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detailed in Figures 21 and 22. The strain gauges were intended to capture the local 
transverse bending at the rib-to-deck connection under wheel loads. At each section, two 
back-to-back strain gauges were provided on the top and bottom of the deck plate 
adjacent to rib-to-deck plate weld toe, outside of the rib. These strain gauges were 
expected to capture bending stresses in the deck plate. Another strain gauge was provided 
on the top of the deck plate, inside of the rib close to the root of the rib-to-deck weld. Due 
to the limitations posed by the fabrication requirements of closed rib orthotropic decks, 
the strain gauge at the bottom of the deck plate, aligned with this strain gauge on the top 
surface could not be installed. At each section, a pair of back-to-back strain gauges was 
installed on both the rib walls, abutting the deck plate-to-rib weld toe on the rib. These 
gauges were intended to capture the bending of the rib wall and are discussed further in 
the following section. 
Five LVDTs were installed under the deck plate at mid span section between 
SFB1 and SFB2a for measuring the vertical displacement of the deck plate under wheel 
loads (Figure 23). These LVDTs were provided only during the first static test and were 
attached to the soffit of deck plate: between ribs 1 and 2 (channel 372); between ribs 3 
and 4 (channel 375); between ribs 4 and 5 (channel 377); between ribs 5 and 6 (channel 
379). Additional LVDTs were installed at the same section on the soffit of the ribs, which 
are discussed in the following section. The relative displacements between the LVDTs 
provided and assessment of deformation of the deck plate with respect to the rib. 
2.6.2 Instrumentations of Ribs 
As discussed in the previous section and shown in Figures 21 and 22, strain 
gauges were installed on the deck plate and the rib wall at the rib-to-deck welds of Rib 7, 
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at two transverse sections. The strain gauges were installed on both the internal and 
external faces of the rib wall in back-to-back configuration and were oriented along the 
depth of the rib wall. The inside strain gauges were installed at 10 mm (3/8 in) from the 
weld root. High temperature resistant weldable strain gauges of 6 mm (1/4 in) gauge 
length were installed on the inner face of the rib wall to avoid the damage to the strain 
gauges due to high heat produced during welding of the rib to the deck plate. 
Weldable uni-axial strain gauges of 6 mm (1/4 in) gauge length were installed at 
the middle of the soffit of ribs 3, 4, 5, 6 and 7 (strain gauge channels 222, 217, 219, 220 
and 224 respectively), at the mid span section between SFB1 and SFB2a (Figure 23). 
Similar strain gauges were installed the middle of the soffit of ribs 3, 4, 6, and 7 (strain 
gauge channels 223, 218, 221 and respectively), at the mid span section between SFB2a 
and SFB2b. These strain gauges were provided to measure the global longitudinal 
response of the deck under the wheel loads.  
At SFB2a, 6 mm (1/4 in) uni-axial weldable strain gauges were installed on the 
soffit of ribs 3, 4, 5, 6 and 7. These gages were oriented longitudinally and were located 
on the centerline of each rib adjacent to the bulkhead plate-to-rib welded connection to 
the north. The purpose of installing these gages was to obtain an indication through 
change in stresses if a crack initiated at the bottom part of the bulkhead plate-to-rib weld. 
These strain gauges were decided during the progress of fatigue testing, when the tests 
were temporarily suspended for the hydraulic maintenance. 
Four LVDTs were installed on the soffit (mid width) of the ribs at mid span 
section between SFB1 and SFB2a for measuring the vertical displacement of the ribs 
under wheel loads (Figure 23). These LVDTs were provided only during the first static 
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test and were attached to the soffit of the ribs: Rib 2 (channel 373); Rib 3 (channel 374); 
Rib 4 (channel 376); Rib 5 (channel 378).  
2.6.3 Instrumentation of Stringer Extensions 
The east face of the SE-A and SE-B were instrumented as shown in Figure 24. 
Strain gauge rosettes of 6 mm (1/4 in) gauge length were installed in bays 1 to 5 on the 
SE-A and SE-B between SFB1 and SFB2a, at the shoulder of the stringer extension 
support to the stringers. The rosettes were installed to measure the stress concentration at 
the transitions. Both stringer extensions were instrumented identically. 
2.6.4 Instrumentation of Subfloor Beams 
Among the three subfloor beams in the prototype deck, the end subfloor beam 
over the floor beam SFB1, and the intermediate subfloor beam SFB2a were instrumented 
with strain gauges. Both subfloor beams were instrumented identically. The strain gauges 
on the subfloor beams were installed primarily around the cutouts for ribs 2, 3, 7 and 8, 
symmetrically on the east and west sides of the ribs. Figures 25 to 32 show the 
instrumentation on the subfloor beams (SFB1 and SFB2a) at ribs 2, 3, 7 and 8.  
The strain gauges were installed in back-to-back configuration on the north and 
south face of the subfloor beam webs to measure in-plane membrane and out-of-plane 
bending stress components. The figures show the south view of the subfloor beams. The 
gauges installed on the north face of the subfloor beams are shown in parentheses.  
High stress concentration was expected around the cutout. In particular, the 
welded connection near the termination of the cutout on to the rib was a potential zone 
for fatigue cracking due to combined stress concentration effects of the cutout and the 
weld notch. Bondable rectangular rosettes of 6 mm (1/4 in) gauge length were installed at 
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cutout terminations to determine the complex stress state at this location. One leg of the 
rosette was aligned with the rib-to-subfloor beam weld and its perpendicular leg was 
placed as close to the cutout as possible. Uni-axial bondable strain gauges of 6 mm (1/4 
in) gauge length were installed on the periphery of the cutout. This strain gauge was 
installed at a distance of 38 mm (11/2 in) from weld toe measured along the edge of the 
cutout. Three uni-axial bondable strain gauges of 6 mm (1/4 in) gauge length were 
installed on each face in a circular arc of 38 mm (11/2 in) radius concentric with the 
cutout. The first of these strain gauges was installed abutting the weld toe and normal to 
the weld toe. The strain gauges were located 25 mm (1 in) apart on the circular arc. 
Additional bondable strain gauges rosettes of 6 mm (1/4 in) gauge length were 
installed at the soffit of SFB2a at the mid span between SE-A and SE-B (strain gauge 
channel216) as shown in Figure 23. This strain gauge was oriented in the transverse 
direction and was provided to measure the global response of the deck. At the same 
location, a LVDT (channel380) is installed to measure the vertical displacement of 
SFB2a.  
2.6.5 Instrumentation of Bulkhead Plates 
The internal bulkhead plates in ribs 3 and 7 at SFB1 and SFB2a were 
instrumented as shown in Figures 26, 27, 30 and 31. Four strain gauges were installed on 
each bulkhead plate. On the bulkhead plates at SFB1, the strain gauges were installed on 
the south face (towards SFB2a). On the bulkhead plates at SFB2a, the strain gauges were 
installed on the north face (towards SFB1). These strain gauges were installed abutting 
the bulkhead plate-to-rib weld. High temperature resistant weldable strain gauges of 6 
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mm (1/4 in) gauge length were used, in anticipation of the high temperature generated 
during the welding of subfloor beam-to-rib and rib to the deck plate welds. 
2.7 Data Acquisition 
Data were collected using programmable digital data loggers manufactured by 
Campbell Scientific Inc. (CSI). The data loggers were provided with analog cards (CR 
9050 and CR 9051 analog input), which processed the output signal from the instruments. 
The processed signals were then stored in a removable memory card which could be 
downloaded. Each analog card could accommodate 14 data channels, where each data 
channel consisted of a quarter Wheatstone Bridge circuit. For the crawl test and the first 
static test three model CR9000 data loggers (identified as DAQ 1, DAQ 2 and DAQ 3) 
and one model CR5000 data logger (identified as DAQ 4) were used. For subsequent 
static and fatigue tests, only two CR9000 data loggers (DAQ 1 and DAQ 2) were retained 
as some instrumentation were discarded and the data channels were reorganized after the 
first static test.  
The load cells of the actuators were also wired to the data logger. They were the 
first nine channels of DAQ 1. For the crawl tests and the first static test, the strain gauge 
were wired to the data loggers as: strain gauges identified with channels 11 to 126 wired 
to DAQ 1; strain gauges identified with channels 126 to 250 wired to DAQ 2; strain 
gauges identified with channels 251 to 371 wired to DAQ 3; LVDTs identified with 
channels 372 to 380 wired to DAQ 4. After the crawl test additional strain gauges 
identified with channels 381 to 386 were wired to DAQ 4 for the first static test. After the 
first static test, the strain gauges on SFB1 and SFB2a at ribs 2 and 8, the strain gauges on 
the stringer extensions and the LVDTs were discarded. The load cells of the actuators and 
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the strain gauges on the subfloor beams and bulkhead plates were wired to DAQ 1. The 
rest of the strain gauges were wired to DAQ 2. 
For the crawl test and the static test, data was sampled at a frequency of 10 Hz 
and averaged over one second (i.e. 10 samples) before recording on the memory card. For 
the fatigue test, the data was collected at a frequency of 10 Hz without averaging. The 
analog cards did not have any real time filtering capabilities. To reduce noise and 
spurious signal in collected data, the settling time was set at 100 µsecs and the integration 
time was set at 670 µsecs. The settling time is the time taken for the input or output 
channel to settle to its new value when a change in signal occurs. The integration time is 
the time over which the input signal is averaged to reduce the noise caused due to random 
fluctuations in the signal. 
2.8 Crawl Test 
Three types of tests were performed on the prototype deck — crawl tests, static 
tests and fatigue tests. In the crawl tests, a bogie (test truck) representing the AASHTO 
tandem axle was rolled across the deck at a very slow speed to determine the response of 
the deck elements under moving load. The tests were conducted at eight different 
transverse positions to assess the response of the deck for different load dispositions and 
to determine the most critical longitudinal and transverse dispositions of loads for the 
fatigue and static tests.  
2.8.1 Test Truck 
The test truck represented the tandem axles of the tractor-trailer with tandem 
configuration in accordance to HL-93 loading of the AASHTO LRFD Bridge Design 
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Specifications. The truck consisted of two axles attached to a 4.4 m (12 ft) long and 1.0 m 
(3 ft 5 in) wide steel frame made of beam sections for supporting weight. The axles were 
spaced 1.2 m (4 ft) apart in longitudinal direction. A pair of wheels was attached at the 
ends of each axle. The center-to-center distance between the wheel pairs was 1.8 m (6 ft) 
in the transverse direction. Each wheel was fitted with retreaded truck tires pressurized to 
about 620.5 kPa (90 psi). According to the AASHTO LRFD Bridge Design 
Specifications the load from a wheel pair is specified to be distributed uniformly over 
rectangular contact area 254 mm (10 in) long and 508 mm (20 in) wide. To compare with 
the recommendations of the AASHTO Specifications, the tire contact for each wheel was 
measured on the laboratory floor. The measured tire contact (approximated as 
rectangular) is shown in Figure 33. The tire contact stipulated by the AASHTO 
Specifications is indicated in dashed lines.  
2.8.2 Weighing of Test Truck 
The weight of the test truck was measured using portable scales, which was 
provided by the Pennsylvania Department of Transportation, District 5, as shown in 
Figure 34. The loads at each wheel pair of the truck were measured using one portable 
scale. Loads were added to the truck by placing steel billets on the top of the truck. There 
were five billets in total and were placed in the configuration as shown in Figure 34. The 
weights of the truck and each billet are shown in Table 1. The self-weight of the test truck 
was 62.7 kN (14.1 kip). For the test, only four billets were used, which were identified as 
#2, #3, #4 and #5 in the configuration as shown in Figure 34. The combined weight of 
truck and four billets was 238.9 kN (53.7 kip), which was about 2.2 times the trailer axle 
load 106.8 kN (24 kip) of the AASHTO notional fatigue truck. The loads at each wheel 
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pair of the loaded truck were respectively 57.8 kN (13.0 kip), 60.1 kN (13.5 kip), 58.7 kN 
(13.2 kip) and 62.7 kN (14.1 kip). The weight of the front axle was 117.9 kN (26.5 kip) 
and the weight of the rear axle was 121.4 kN (27.3 kip) as shown in Figure 33.  
2.8.3 Testing Procedure 
The crawl test was conducted for eight transverse positions as shown in Figures 
35 and 42. The centerline of the truck was positioned between ribs 3 and 7, which 
resulted in the outer wheel pairs being located between ribs 2 and 8. In the first position, 
the left wheels were located symmetrically above SE-B. In subsequent positions, the 
truck was positioned such that either one wheel or a wheel pair was located 
symmetrically on the deck plate in between the stiffening ribs, or over a rib. As a result, 
the deck and the ribs, whose responses are driven by local effects of individual wheels, 
were subjected several different load conditions, where the wheels (tire contacts) were 
positioned partially or fully in between the rib walls, or on the rib walls. These load 
positions generating all possible stress states in the deck plate, the rib walls and rib-to-
deck connections. The different test positions are described in the following. 
1. Position 1: The pair of wheels on the east side of the test truck was placed centrally 
over SE-B (Figure 35). This position was intended to assess response of SE-B, when 
symmetrically loaded. 
2. Position 2: The outermost wheel to the east of the test truck was placed centrally over 
the deck plate between Rib 7 and SE-B (Figure 36). This position was intended to 
produce maximum bending stress in SE-B-to-deck plate weld. 
3. Position 3: The east pair of wheels of the test truck was placed centrally over Rib 7 
such that each rib wall of Rib 7 was directly under a wheel (Figure 37). This position 
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was intended to determine the effect of this load position on the rib-to-deck weld. 
4. Position 4: The outermost wheel to the east of the test truck was placed centrally over 
Rib 7, to determine the effect of symmetric bending of the rib-to-deck welds (Figure 
38). 
5. Position 5: The east pair of wheels the test truck was placed centrally between ribs 6 
and 7. Consequently, the wheels were located on the west wall of Rib 7 and the east 
wall of Rib 6 (Figure 39). This position investigated the effect of load application on 
two adjacent ribs. 
6. Position 6: The outermost wheel to the east of the test truck was placed centrally on 
the deck plate between ribs 6 and 7 (Figure 40).  
7. Position 7: The outermost wheel to the east of the test truck was placed centrally over 
Rib 6 (Figure 41). 
8. Position 8: The outermost wheel to the east of the test truck was placed centrally on 
the deck plate between ribs 5 and 6 (Figure 42). 
The test truck was pulled by a manually operated hydraulic winch and cable 
system that was reacted against the deck. A truss along the length of the deck was used 
underneath the test truck to guide the truck in a straight line. The top and bottom chords 
were of 6×6×3/4 angles and the diagonal members were of 2×2×3/8 angles (Figure 43). 
There were brackets on the north and south ends of the guide truss, which were used to 
clamp the truss to the deck and also to support the hydraulic winch on the southern end 
and a pulley on the northern end (Figure 43). The hydraulic winch and the pulley were 
used to move the truck across the deck. The test truck was rolled in the forward and the 
reverse directions for each position. For the forward roll (i.e. south to north), the truck 
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was connected to the hydraulic winch via the pulley and in the reverse roll (i.e. north to 
south) the truck was connected to the hydraulic winch directly.  
The procedure for crawl tests in each transverse position was as follows. The 
guide truss was positioned on the deck at the desired position. The east end of the floor 
beam and south ends of stingers A and B were displaced downward by 3 mm (1/8 in). 
This value of displacement was chosen as it was the average of the maximum 
displacements of floor beams and stringers as provided by designer of the deck. The test 
truck was lifted on to the deck using the overhead crane and aligned with the guide truss 
at the south end of the deck. The steel billets were lifted one by one and were placed on 
the truck. The steel rope from the winch was pulled along the truss and through the pulley 
on the north end and hooked to the truck. Now the truck was pulled across the deck for a 
distance that was fixed at 6.7 m (22 ft). This was the maximum available distance for the 
truck to roll. The time taken by the truck to cover this distance was noted using a stop 
watch. The steel rope was unhooked and was hooked to the truck directly for the reverse 
roll. The time taken for the reverse roll was again measured using stop watch. The 
average speed in each transverse position in both forward and reverse roll is shown in 
Table 2. The average speed maintained for the crawl test in every transverse position was 
0.6 km/h (0.04 m/h). Once the reverse roll was completed the tuck was unhooked. The 
billets were removed one by one and the truck was lifted off the deck. The displacements 
of the under deck actuators were returned to zero position. For the next transverse 
position same procedure was followed. 
As explained in section 2.7, for the crawl test and the static test, data was sampled 
at a frequency of 10 Hz and averaged over one second (i.e. 10 samples) before recording 
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on the memory card. For every transverse position the strain gauges and the LVDTs were 
zeroed to remove the offset caused due to the electrical characteristics of the strain 
gauges and the LVDTs. The strain gauges were zeroed when the under deck actuators 
were displaced by 3 mm (1/8 in) vertically downward. The process of data collection was 
started as soon as the strain gauges were zeroed. The collection of the data stopped after 
the truck completed the reverse roll, the billets and the truck were lifted off the deck and 
the under deck actuators were returned to zero position. 
2.9 Loading for Static and Fatigue Test 
2.9.1 Loading 
The fatigue performance of the deck was determined under the fatigue design 
loading HL-93 specified by the AASHTO LRFD Bridge Design Specifications. The HL-
93 loading includes a design truck (HS20), consisting of one 35.6 kN (8 kip) tractor axle 
followed by two 142.3 kN (32 kip) trailer axles spaced 9.1 m (30 ft) apart, or a design 
tandem, and an uniformly distributed lane load. The design tandem is specified as a pair 
of 111.2 kN (25 kip) axles spaced 1.2 m (4 ft) apart, with a transverse spacing of 1.8 m (6 
ft) between the wheels. According to the Specifications, the fatigue load can be a design 
(notional) truck (HS20) or axles thereof (but not the design tandem load as per HL-93 
loading). Considering the load factor of 0.75 the fatigue design truck is designated as 
HS15 (0.75 × HS20) comprising of 26.7 kN (6 kip) tractor axle followed by two 106.8 
kN (24 kip) axles. The factor of 0.75 correlates a variable truck weight spectrum to a 
constant effective truck weight to produce equivalent fatigue damage. 
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It may be noted that the trailer axle load of the notional fatigue truck essentially 
represents the resultant effect of a tandem axle. Field (Connor and Fisher 2001) and 
laboratory measurements (refer to Crawl Test Results in Chapter 4) show that the tandem 
axles effectively produce one primary stress cycle in the supporting elements of the deck 
such as the subfloor beam, same as the resultant rear axle load of the notional truck. The 
response of the deck plate and the ribs, however, are characterized by the local effects of 
individual wheels, and as such these elements, experience the same number of stress 
cycles in a single passage of a truck as the number of axles of the truck. Thus, for a 
rational evaluation of the deck, the trailer axle of fatigue design truck was split into 
tandem configuration of HL-93 loading. This load configuration was considered for the 
static test and fatigue testing of the deck. Each overhead actuator represented one axle of 
the tandem. 
The load disposition for the fatigue and the intermittent static tests were decided 
based on the crawl test results. It was decided to position the actuators centrally between 
SE-A and SE-B, to produce the most critical stresses at the rib-to-deck plate connection 
and the rib-to-subfloor beam connections in the transverse direction. The resulting 
transverse disposition of the simulated wheel loads is shown in Figure 13. In the 
longitudinal direction, the actuators were located as shown in Figure 14, with actuators 
#2 and #5 located centrally above the subfloor beams SFB1 and SFB2a respectively. 
actuators #3 and #4 were located such as to equally divided the span between SFB1 and 
SFB2a, resulting in a center to center distance of 1.3 m (4 ft1/2 in) between these 
actuators. This spacing between the actuators (simulated tandem axles) was slightly 
larger than the specified distance of 1.2 m (4 m) between the axles of HL-93. 
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Accordingly, actuators #1 and #6 were positioned at 1.3 m (4 ft 11/2 in) to the north and 
south of SFB1 and SFB2a respectively. As discussed earlier, the load from each actuator 
was distributed through a spreader beam into two rectangular load pads (simulating the 
wheel contact with the deck plate) 254 mm (10 in) long and 508 mm (20 in) wide, spaced 
1.8 m (6 ft) apart in transverse direction (according to AASHTO LRFD Bridge Design 
Specifications). The north overhang of the deck (see discussion in section 2.2) was 
decided such that the load pad was flushed with the north edge of the deck. 
The site specific Weigh-in-Motion (WIM) studies for the bridge, and WIM 
studies conducted for other bridges in the New York City (NYC) are showed that 
presence of overloaded trucks having a gross vehicle weight (GVW) upto 711.7 kN (160 
kip) was not uncommon in the truck traffic spectrum. This maximum weight is about 
three times the weight of AASHTO fatigue design truck (3×HS15 = 720.2 kN (162 kip)). 
Field measurements on orthotropic bridge decks in the NYC area showed that stresses in 
the deck elements, whose response is characterized by localized out-of-plane distortions, 
can experience a fatigue limit state stress thrice the effective stress range produced by the 
fatigue design truck (HS15). Accordingly, it was decided to evaluate the deck to the 
effects of three times the fatigue design truck to verify an infinite fatigue life under site 
specific loading. Including an additional dynamic load allowance of 15% as per the 
AASHTO specifications, the magnitude of the load range applied to the prototype deck at 
each actuator (simulated axle) corresponded to 3×(HS15+15%) or 3.45×HS15. 
Accordingly, each actuator was loaded to maximum load range 184.1 kN (41.4 kip), 
which was half the load applied by a single trailer axle 3.45×HS15 or, 368.3 kN (82.8 
kip). A minimum load of 13.4 kN (3 kip) was maintained in all actuators to simulate the 
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dead load effects and to avoid loss of contact between the loading pads and the deck 
during tests.  
2.9.2 Hydraulic Actuators 
Nine hydraulic actuators were used for testing the deck (Figures 13 and 14). Six 
overhead actuators were used to load the prototype deck (Figure 44) and three under deck 
actuators were used to simulate the boundary conditions. Seven of these actuators (#1 to 
#7) were Hannon 5110 with a maximum load rating of 490 kN (110 kip). These actuators 
had a total stroke of 254 mm (10 in) and the actuators were set at the mid stroke to have 
equal stroke for tension and compression. Hannon 5110 were single rod actuators of 254 
mm (10 in) diameter. The other two under deck actuators (#8 and #9) were Lynair H-
B1003, which had a maximum load rating of 980 kN (220 kip). These actuators had 254 
mm (10 in) diameter rod with a 152 mm (6 in) stroke and they were set at the mid stroke, 
which is equal stroke for tension and compression. Hannon 5110 actuators had inbuilt 
LVDTs with a measuring range of ± 254 mm (10 in) and for Lynair H-B1003 actuators, 
external LVDTs with a measuring range of ±76 mm (3 in) was used to measure the 
displacements of the actuators. The load applied by the actuators were measured using 
Lebow 3129-112 load cells whose maximum load rating is (150 kip) and they were 
designed specifically to resist fatigue failure. All the actuators were fitted with Vickers 
SM-440 valve, which regulate the flow of hydraulic oil in and out of the actuator. To 
regulate the flow between the pump and the actuators two hydraulic service manifolds 
(HSM) were used. The actuators #1 to #6 were assigned to one HSM and the actuators #7 
to #9 to the second the HSM. 
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2.9.3 Actuator Controller 
The actuators were controlled by a MTS Flextest 100 digital controller. The 
controller had a capability of controlling nine actuators (channels) and two hydraulic 
service manifolds (HSM) simultaneously. The overhead actuators were operated under 
load control. The displacements of these actuators were monitored. A haversine wave-
form was used as command for all actuators. The under deck actuators were operated 
under displacement control.  
2.9.4 Safety Features 
For safe operation of the fatigue testing 24/7, several safety features were 
implemented. Mechanical limit switches were provided at each actuator. These 
mechanical limit switches were set to shutdown the HSM if the actuators displaced 10 
mm (3/8 in) to prevent any accidental damage to the prototype deck. In addition, digital 
interlock present in the controller were set to monitor the load and displacement 
feedbacks and the error between the command and the feedback at each channel. The 
allowable error assigned for the displacement was 22 mm (7/8 in) and 66.7 kN (15 kip) for 
the loads. When tripped, these interlocks were set to shutdown the HSMs. In addition, an 
emergency shutdown switch was provided next to the controller, which could be used to 
shutdown the test manually during emergencies. 
2.9.5 Loading Protocol 
The loading protocol was provided by Parsons Transportation Group. The load on 
the prototype deck was applied in such a way as to simulate the passing of a truck over 
the subfloor beams and across the deck. The objective of the loading protocol was to the 
maximum in-plane and out-of-plane stresses in the subfloor beams and corresponding 
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stresses at the rib-to-deck plate connections. The loading protocol is shown in Table 3. 
The overhead actuators (#1 to #6) were in load control and the under deck actuators (#7 
to #9) were in displacement control. The sequence of the load application by actuators #1 
to #6 is shown in Figure 45. Four load steps were defined in the loading protocol for each 
cycle. Actuators #1, #2 and #3 were in one group simulating the passage of a tandem axle 
over SFB1 in load steps 1 and 2. Actuators #4, #5 and #6 were in another group 
simulating the passage of a tandem axle over SFB2a in load steps 3 and 4. In load step 0 
of the loading protocol, all overhead actuators applied a uniform load 13.4 kN (3 kips). 
The minimum load was maintained by all actuators during the fatigue test. In load step 1, 
actuators #1 and #2 were loaded to 197.5 kN (44.4 kip). In load step 2, actuator #1 was 
unloaded to 13.4 kN (3 kip), whereas actuator #2 was maintained at 197.5 kN (44.4 kip), 
and actuator #3 was loaded to 197.5 kN (44.4 kip). In load step 4, the actuators #5 and #6 
were unloaded to 13.4 kN (3 kip) during the static tests, returning to the load state of load 
step 0. During fatigue testing load step 4 was followed by load step 1 and the loading 
sequence was repeated. Since two actuators applied the maximum load and the other 
actuators were maintained at minimum load in each loading step, the total maximum load 
applied on the prototype deck at any time was 448.6 kN (100.8 kip). 
In each loading step the bottom actuators applied a displacement corresponding to 
the global vertical displacement of the bridge at the respective actuator locations (discrete 
boundaries) under the applied load. These displacements were provided by designer of 
the deck. based on the analysis of a larger model of the bridge. 
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2.10 Static Test 
The deck was intermittently tested following the loading protocol discussed 
earlier at a slow (or almost static) loading rate to determine the stresses and change in 
state of structure. These tests are defined as static test. A static test was conducted prior to 
initiating the fatigue testing to determine the base sate of structure. Subsequently static 
tests were conducted at regular time interval to determine the change in state of deck in 
terms of the measured stresses at the strain gauges. The loading protocol for static test is 
shown in Figure 46. During static test, the load at each actuator was changed between 
minimum to the maximum value in 5 seconds and the loads were held at a specific load 
step for 10 seconds. The static test results are discussed in detail in Chapter 5.  
2.11 Fatigue Test 
The fatigue testing of the prototype deck was performed by repeated application 
of the loading sequence as discussed in the loading protocol. The actuator applied load in 
0.5 seconds as shown in Figure 47. During fatigue testing, each actuator was cycled 
between the minimum and maximum loading at 2 Hz frequency and was held at the 
minimum load in between loading steps according to the loading protocol. Accordingly, 
the frequency of each load cycle (comprising the four load steps) was 0.5 Hz. The test 
was conducted uninterrupted 24 hours a day and seven days a week, except for 
interruptions due to routine checks, maintenance or significant events. To verify infinite 
life fatigue performance (a minimum 75 years service life under site specific loading) the 
prototype deck was targeted to be tested for 5 million load cycles without any fatigue 
cracking based on site specific WIM data.  
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The prototype deck was inspected regularly for fatigue damage using a 10× 
magnifying glass. The inspection plan is shown in Figure 48, this figure shows the 
interval at which the deck elements were inspected. The critical deck elements like SFB1, 
SFB2a and the rib-to-deck welds in the loaded area were inspected at four hour interval 
between 8:00 AM and 12:00 midnight. The portion of the prototype deck between the 
stringer extensions was inspected every eight hours. The complete prototype deck was 
inspected once every day of fatigue testing. At every one million cycles, the guide truss 
for the load pads was removed, the area on the deck plate in the loaded area was cleaned, 
and the deck plate underneath the load pads was inspected for fatigue cracks.  
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3 FINITE ELEMENT ANALYSIS OF PROTOTYPE DECK  
3.1 Analysis Plan 
Finite element analyses (FEA) of the prototype orthotropic deck were performed 
to understand its behavior under wheel loading and to identify the most critically stressed 
regions of the deck. Detailed three dimensional (3D) models were created in ABAQUS 
(Dassault Systèmes 2010), a commercially available FEA software. The prototype deck 
was analyzed in three levels. In the first level, a global model of, the test setup including 
the prototype deck along with the supporting stringers and the floor beam was analyzed. 
This analysis identified high stress concentrations in SFB2a at the cutout locations in the 
vicinity of the rib-to-subfloor beam welds and the rib-to-bulkhead plate welds, which 
could lead to fatigue cracking from these details. These weld details were not modeled in 
the global model. The stresses at the weld toe were expected to increase further due to the 
notch effect. To capture the distribution of local stresses at the weld toe, additional 
submodels of SFB2a were analyzed in two levels. The second model is identified as the 
submodel 1 (SM1), whose analysis was driven by the displacement solution of the global 
model. In SM1, a part of the prototype deck containing SFB2a in between the stringer 
extensions was modeled. FEA results of SM1 showed further high stresses at the cutouts 
of ribs 3 and 7 adjacent to the rib-to-subfloor beam and the rib-to-bulkhead plate welds. 
To determine the effects of mesh refinement and to obtain the converged values of 
stresses in the vicinity of the welded details, another level of submodel was created. This 
third model, identified as submodel 2 (SM2), was derived from SM1 and included a part 
of SFB2a along with Rib 3. The analysis of SM2 was driven by the displacement solution 
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of SM1. The models were analyzed under the same load dispositions as the crawl tests 
and the static test.  
3.2 Details of Global Model  
Figures 49 and 50 show the 3-D above deck under deck views of the global 
model, respectively. This model replicated the laboratory testing, which allowed 
calibration of FE models against experimental results. As shown in the figure, the global 
model contained the prototype deck, the stringers and the floor beam. All components of 
the prototype deck, such as the deck plate, the ribs, the subfloor beams and the stringer 
extensions were modeled according to the design drawings (provided by the designer of 
the replacement deck) and fabrication drawings (provided by the fabricator of the 
prototype deck). The deck plate and the ribs were modeled as an integral unit. The 
subfloor beams, the stringer extensions, the stringers and the floor beams were modeled 
as separate parts. The welded connections in individual parts were considered as integral 
and were not detailed separately. The welded and the bolted connections between the 
parts were modeled as tie constraints, which rigidly connected the mating surfaces of the 
connected components by enforcing same displacement at the interface nodes.  
3.3 Details of SM1 
The first level submodel SM1 (shown in Figure 51 as lightly shaded) included a 
1.83 m (6 ft) length of the prototype deck symmetric about SFB2a and contained ribs 3, 
4, 5, 6, and 7 between stringer extensions. The width of the model was 3.5 m (11 ft 4 in). 
In the transverse direction, the submodel was symmetric about Rib 5. The north and the 
south boundaries of SM1 were 0.9 m (3 ft) from the center line of SFB2a, which were 
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respectively at the mid distance between actuators #4 and #5 and actuators #5 and #6. 
The length of the submodel was chosen such as to minimize the boundary effects due to 
the actuator loads. This model included of the connection angles between the subfloor 
beam and the stringer extensions, and the splice plates providing continuity of the bottom 
flange of the subfloor beam on either side of the stringer extensions (Figure 52). The rib-
to-deck welds, rib-to-subfloor beam welds and bulkhead plate-to-rib welds were modeled 
as per the nominal size indicated in the fabrication drawings with an idealized zero notch 
radius at the weld toes. A complete fusion was assumed at the root of all welds. The 
bolted connections between the connection angles and the SFB2a and between the splice 
plates and the SFB2a were modeled as tie constraints. 
3.4 Details of SM2 
The second level submodel was 254 mm (10 in) long and 635 mm (25 in) wide 
and consisted part of SM1 at Rib 3 as shown in Figures 53 (darkly shaded) and 54 
(lightly shaded). The submodel was symmetric about the rib centerline (Figure 51). The 
length of the submodel (parallel to the rib axis) was chosen such as to accommodate one 
entire load pad, which was 254 mm (10 in) long. The width of the submodel in the 
transverse direction was chosen such that the local areas of interest at the weld details 
were sufficiently away from the boundary. 
3.5 Material Properties 
Widely accepted linear elastic material properties of steel were used for analysis. 
The modulus of elasticity and Poisson's ratio of steel were assumed as 2.0×105 MPa 
(29000 ksi) and 0.3 respectively. 
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3.6 Element Type and Meshng 
3.6.1 Choice of Elements 
The models were meshed using 3D continuum solid hexahedron elements. 
Although the tetrahedral elements are geometrically versatile and very convenient for use 
in automatic meshing algorithms to mesh complex shapes, hexahedral elements were 
used as they have better convergence rate. It is also recommended by ABAQUS 
(Dassault Systemes 2009) that first-order tetrahedral elements be avoided in stress 
analysis problems as these elements are overly stiff and exhibit slow convergence with 
mesh refinement. An extremely fine mesh is generally needed to obtain accurate results 
with these elements, which would have added prohibitive computation cost for large 
modes. 
Each hexahedral element had twenty-nodes and three displacement degrees of 
freedom per node. The element formulation incorporated isoparametric second order 
serendipity type interpolation functions and Gauss integration with Gauss points 
corresponding to eight reduced integration Barlow points (Dassault Systemes 2009). In 
ABAQUS this element is identified as C3D20R. In order to obtain an accurate solution 
the quality of the element was important. The elements with aspect ratio greater than 10 
or with the small face angle less than 10° or with the large face angle greater than 160° 
were avoided as much as possible. 
The C3D20R element was used as it is known to provide accurate results for three 
dimensional stress analyses and is effective in capturing stress concentration effects 
(Dassault Systemes 2009). Fully integrated elements tend to introduce parasitic shear in 
bending problems and exhibit response that is an order of magnitude too stiff. The 
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integration scheme of reduced integration element is less by a single order, which under 
estimates the stiffness matrix by introducing rigid body modes and produces a softened 
response. In a second-order isoparametric elements the stresses are calculated at the 
integration points and are most accurate at these locations. At other locations, the stresses 
are interpolated (inside) or extrapolated (to the surface) linearly. A reduced integration 
scheme also lowers the computational effort involved. While a fully-integrated, twenty-
node, three-dimensional element uses twenty seven gauss points, the reduced-integrated 
version of the same element only uses eight points. Thus the required computational 
effort is less than 30% of the fully-integrated version (Dassault Systemes 2009). This 
difference played an important role in element selection as it helped analyzing the large 
global model with comparatively less computational effort.  
The disadvantage of reduced-integrated element is that, the element stiffness 
matrix is rank deficient, which is most commonly manifested in the response as singular 
“hourglass” modes. These nonphysical response modes can grow in an unbounded way 
unless they are controlled. In the second-order three dimensional elements with reduced 
integration, these modes can propagate in a single stack of elements. However, due to 
limited freedom of propagation in an automatically generated non-uniform mesh that was 
adopted for the models, these modes, manifestation of these modes was not a concern 
with in the second-order elements. As such no special techniques were provided to 
control those (Dassault Systemes 2009).  
3.6.2 Details of Meshing 
All meshing was generated automatically by ABAQUS. In the global model, the 
average element size was approximately 25 mm (1 in). The total number of elements and 
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nodes in the model were 690,789 and 4,384,286 respectively, generating 13,152,858 
DOF. The average aspect ratio of the elements was 3.6. The smallest minimum internal 
angle of the elements was 11.3°. The elements with a high aspect ratio of 10.2 and the 
sharp internal angles of 11.3° were mostly located at the termination of the cutout in 
subfloor beams and the cutouts in stringer extensions. These elements in the stringer 
extensions were not of a concern because they were not critical components. In the 
subfloor beam cutouts, the elements with small internal angles did not affect the solution 
at the cutout termination because these very few distorted elements were surrounded by 
elements of high quality, which primarily controlled the solution.  
In SM1, the average element size was about 13 mm (1/2 in). The total number of 
elements and the nodes in the model were 182,399 and 1,050,695 respectively, generating 
3,152,085 DOF. The average aspect ratio of the elements was 2.8. The smallest minimum 
internal angle of the elements in the model was 15.74°. The elements with high aspect 
ratio of 7.3 and the elements with sharp angles of 11.3° were restricted to the cutout 
terminations in SFB2a (Figure 54). Elements with sharp internal angles (of about 11.3°) 
also formed at the junction of the rib-to-deck weld and the subfloor beam-to-deck weld. 
In SM2, the average element size was about 6 mm (1/4 in). The total number of 
elements and nodes in the model were 75,840 and 448,674 respectively, generating 
1,346,022 DOF. The average aspect ratio of the elements was 1.8. The smallest minimum 
internal angle of the elements in the model was 15.8°. Similar to SM1 the elements with 
high aspect ratio and the elements with sharp angles were restricted to the cutout 
terminations in SFB2a only (Figure 54).  
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3.7 Loading  
3.7.1 Loading for the Crawl Test Simulations 
The crawl tests were performed by rolling a test truck on the deck for eight 
transverse positions as discussed in Chapter 2 (Figures 35 to 42). The global model was 
analyzed for each of those eight transverse positions. The load applied from each wheel 
pair was distributed uniformly over a rectangular load patch of 254 mm (10 in) long and 
508 mm (20 in) wide as recommended by the AASHTO LRFD Bridge Design 
Specification. To simulate the rolling of the bogie in each transverse position, the global 
model was analyzed for eight discrete longitudinal load positions. The arrangements of 
load patches in plan view of Figures 55 and 56 represent the loading configuration for the 
FE analyses, both transverse and longitudinal. For example, position 1 shows the position 
of wheel loads in the first transverse crawl test position and in the first longitudinal load 
disposition. The total load applied on the deck specimen was 238.7 kN (53.7 kip). This 
resulted in a uniform pressure of 462.8 kPa (67 psi) on each of the four load patches or 
tire contact areas. The longitudinal load positions were identified as LC-1 to LC-8, and 
are shown in Figures 57 and 58.  
3.7.2 Loading for the Static Test and the Fatigue Test Simulation 
The transverse and the longitudinal location of the overhead actuators for static 
and fatigue testing were decided based on the crawl test results. The actuators were 
located concentric with Rib 5 and applied load to the deck using spreader beams and 
loading blocks, which simulated truck axles and wheels. In plan, the overall dimensions 
of the rubber pads under the loading blocks (simulating a pair of wheels) were 254 mm 
(10 in) and 508 mm (20 in) respectively in the longitudinal and the transverse directions 
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of the deck, with a transverse gap of 25 mm (1 in) in the middle. In the FE model, the 
load at each simulated wheel contact was applied uniformly over a rectangular patch of 
254 mm×508 mm (10 in×20 in) that did not consider the 25 mm (1 in) gap. As shown in 
Figure 59, each row of the load patches represented the wheel pairs at the ends of a single 
axle of the tandem configuration and corresponded to one actuator. These load patches 
are identified by the actuator number (see Chapter 2) suffixed to LP, and followed by “a” 
or “b” for the west and east load pads respectively.  
The deck was analyzed for same loading sequence as the laboratory tests, where a 
pair of adjacent actuators was loaded simultaneously to simulate the passage of a tandem 
axle. A pressure of 765.3 kPa (110 psi) was applied on each of the four load patches for a 
total applied load of 3,952 kN (88.8 kip) on the deck. On rest of the load patches the 
minimum load of 6.8 kN (1.5 kip) was applied in line with the fatigue testing of the 
prototype deck. A total of four load steps were created similar to the loading of the 
laboratory test. The four loading steps were identified as LS-l, LS-2, LS-3 and LS-4. In 
the first load step, LS-1, the load was applied on the load patches LP-1 and LP-2. In the 
second load step, LS-2, the load was applied on the load patches LP-2 and LP-3. In the 
third load step, LS-3, the load was applied on the load patches LP-4 and LP-5. In the 
fourth load step, LS-4, the load was applied on the load patches LP-5 and LP-6. 
3.8 Boundary Conditions 
3.8.1 Global Model 
The boundary conditions for the FEA of the global model replicated the boundary 
conditions of the prototype deck in laboratory testing. These boundary conditions are 
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shown in Figures 49 and 50. The west end of the floor beam was assumed fixed to 
simulate the rigid connection of the floor beam to the wall using the wall fixture as 
discussed in Chapter 2. The east end of the floor beam and the south end of the stringers 
were assigned displacement boundary conditions. The under deck actuators were used to 
displace the stringers and the floor beam vertically. The top and bottom clevises of these 
actuators were arranged such as to allow in plane displacements of the stringers and the 
floor beam. In the FE model, the DOF of the nodes at the actuator locations were 
unrestrained in their respective in-plane directions. The boundary conditions assigned to 
the global model are shown in Figure 50. The boundary conditions were assigned to the 
nodes of the floor beam and stringers that were covered by the actuator clevis.  
For the crawl test simulations, a vertical downward displacement of 3 mm (1/8 in) 
was specified at the ends of the floor beam and the stringers at the actuators locations. 
The same displacement was also imparted for laboratory testing. This displacement was 
maintained same for all the crawl test positions.  
For the static and the fatigue test simulation, the boundary conditions replicated 
the laboratory testing. In the laboratory testing, the vertical displacements shown in Table 
4 were prescribed to the south ends of the stringers and the east end of the floor beam in 
the respective loading steps. 
3.8.2 Submodels 
All submodels were provided with displacement boundary conditions, which were 
derived from the solutions of the respective previous level models at the common 
interface.  
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3.9 Analysis 
The global model was analyzed on distributed memory computer cluster of 10 
nodes, each having eight central processing units (cpu). All analyses were linear elastic. 
The load magnitude was set to vary linearly over the step, from the value at the end of the 
previous step (or zero, at the start of the analysis) to the given load value. All analyses 
used the direct linear equation solver and converged in a single increment. The direct 
linear equation solver used a sparse, direct, Gauss elimination method that found exact 
solution of this system of linear equations (up to machine precision). It was the most time 
consuming part of the analysis.  
3.10 Calibration of the FE Model 
The global FE model was calibrated against the laboratory test results for the 
static test simulation. In the laboratory testing, the under deck actuators were installed at 
the south end of the stringers and the east end of the floor beam. These actuators were 
operated in displacement control, while axial loads in the actuators were monitored by 
inline load cells. In the global model, the vertical displacements were specified as 
boundary conditions at the actuator locations. The corresponding vertical reactions were 
obtained from the global model as reaction force (RF option) in ABAQUS, which 
provided the reactions forces at the nodes of an element that were restrained. Table 5 
compares the reactions obtained from the FEA model with the test results, in the load 
steps LS-1 and LS-4. These two load steps were considered due to the following: In LS-
1, the loads representing the tandem axle were applied on SFB1 and on the north end of 
the deck (Figure 59). SFB1 was supported by the floor beam, and the floor beam was 
fixed to the reaction wall to the west end and was supported by an actuator to the east. 
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Therefore, the reactions at the floor beam ends in this load step should be the maximum 
among all load steps. In LS-4 the loads were applied on SFB2a and 1.3 m (4 ft 11/2 in) 
south of SFB2a, closer to actuators under the south ends of the stringers A and B. As 
such, in this load step the reactions at the stringers A and B were expected to be the 
maximum. In LS-1, the reactions obtained at stringers A and B from the experimental 
measurements and FEA results were too small. The reactions obtained at the floor beam 
from the static test and the FEA did not match well. The FEA results in Table 5 were 
obtained from a model where the west end of the floor beam was assumed fully fixed. 
The negative sign indicates downward force applied by stringers and floor beam at the 
supported ends. As is evident from Table 5, the reactions at the stringers in LS-1 were 
small as the load was applied towards the north end of the deck, whereas the actuator 
supports to the stringers were at the south end. In LS-4, these reactions were significantly 
higher. The reaction at the floor beam was higher in LS-1 compared to that in LS-4. The 
vertical reactions obtained from the FE models at the actuator support to the floor beam 
were significantly less than the experimental measurements in both load steps LS-1 and 
LS-4. In LS-1, the reactions obtained from experimental data and global model did not 
match well at the stringers A and B and at the floor beam. At actuator supports to the 
stringers, the vertical reactions from the FEA and the experiments matched quite well in 
LS-4.  
The free body diagram of the experimental setup showing the reactions obtained 
in the load steps LS-1 and LS-4 from the test and the FEA results are shown in Figures 60 
to 63. Figures 60 and 61 show the difference in the vertical reaction at the floor beam 
actuator between the FEA and the experimental results in LS-1. The total load applied on 
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the deck in each load step was 395 kN (88.8 kip). The total reaction provided by the 
under deck actuators was determined by summing up the reactions provided by each 
actuator. In LS-1 the reactions obtained from the FEA at the under deck actuators and at 
the west end of the floor beam were 91.7 kN (20.6 kip) and 353.5 kN (79.5 kip) 
respectively. In the static test, the total vertical reaction provided by the under deck 
actuators in LS-1 was 162.2 kN (36.5 kip). It was deduced that for equilibrium the 
remaining vertical reaction of 288.4 kN (64.8 kip) and a moment of 706.4 kN-m (520.9 
kip-ft) must be developed at the floor beam wall fixture at the west end. Thus, it was 
evident that in the laboratory testing less reaction developed at the wall fixture compared 
to FEA. As discussed in Chapter 2, the floor beam was fixed to the reaction wall using a 
wall fixture, which in turn was anchored to the wall. It was assumed that the wall fixture 
would behave as “encastre”, hence the west end of the floor beam was assigned fixed 
boundary conditions in the FEA.  
It can be seen from the Figures 60 to 63 that the response of floor beam was 
primarily in plane. The reactions experienced by floor beam in LS-1 are shown the 
Figures 64 and 65 on 2D (line) representation of the floor beam. The moment at the fixed 
end was less during the static test, but the vertical reaction at the propped end was higher. 
This suggests that the floor beam in the experiments had less than full fixity at the wall, 
which would allow finite rotation of the floor beam and therefore higher reaction at the 
propped end. The complex arrangement of the wall fixture could have been less stiff 
when compared to the FE model, which was assumed as a rigidly fixed end. To evaluate 
this hypothesis, the rotational degree of freedom in the plane of the floor beam (i.e. the 
rotation about Z axis as shown in Figure 66) was released and a rotational spring was 
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assigned in the global model. The model was analyzed for different spring stiffnesses. 
Table 6 presents the vertical reactions at the under deck actuators for a spring stiffness of 
3.5×106 kN/rad (20×106 kip/rad). As is evident the reactions obtained from the FEA matched 
quite well with the laboratory test results (Table 6). Thus, it can be concluded that in the 
laboratory testing, the reaction wall fixture did not provide full fixity to the floor beam. 
The comparison of the FEA results and the static test results are presented in Chapter 5 
along with discussion on static test results.  
3.11 Analysis Results 
3.11.1  Behavior of the Deck and the Ribs 
The change in stresses and deformation in each load step of the static test 
simulation are shown in Figures 67 to 70. The location of the high stresses on the deck is 
the location of load patches on the deck. The stresses are presented for a load of 98.7kN 
(22.2 kip) at each load patch, which corresponds to the maximum load of 197.4 kN (44.4 
kip) applied by each actuator in the static test. The load applied in the model was equal to 
the load that was applied on the prototype deck for the static test. The deformed 
configuration of the deck in each load step shows that the deformations are concentrated 
under the load patches and decrease rapidly away from the load patches. In LS-1, the end 
plate welded to the north end of the deck experienced high stresses close to the stringer 
extensions (Figure 67). The principal stress contour and the deformation of the end plate 
on the north end along with the deformation of stringer extensions on the north side are 
shown in Figure 71. In the prototype deck the end plate was not continuous, a gap of 25 
mm (1 in) was provided in the end plate. The gap was located 51 mm (2 in) to the east of 
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the SE-A. Thus, the deformation observed in the FEA model (Figure 71) is not true 
because of the discontinuity. It was possible that the end plate did not experience such 
high stresses in the load step LS-1. Top part of the stringer extension webs was welded to 
the end plate. The stringer extensions restrained the end plate against rotation, which led 
to increase of stresses in the end beam plate and the deck. In the load step LS-2, the loads 
were applied on SFB1 and 1.3 m (4 ft 11/2 in) south of SFB1. As shown in Figure 68, 
high stresses were observed in SFB1 and on the deck under the load patches. The other 
subfloor beams did not experience significant stresses in this load step. Similarly in LS-3, 
high stresses were observed in SFB2a and on the deck under the load patches where the 
load was applied (Figure 69). In LS-3, the load was applied on SFB2a and 1.3 m (4 ft 11/2 
in) north of SFB2a. In LS-4, the deck experienced high stresses at SFB2a and south of the 
SFB2a (Figure 70) as the load was applied on SFB2a and 1.3 m (4 ft 11/2 in) south of 
SFB2a. Figures 72 and 73 show the normal stress in the longitudinal direction on the top 
and the bottom face respectively of the deck along a section centrally between ribs 6 and 
7. The load patch to the east covers a part of ribs 6 and 7, so the section was chosen 
central to ribs 6 and 7 as it passes below the east load patch. The deck experiences 
maximum deflection at this location. The stresses were plotted for all four load steps. It 
can be seen from these figures that the stresses peaked under the load patches and 
dissipated rapidly away from the load patches. Compressive stresses developed on the top 
face of the deck plate except at the subfloor beams, where the stresses were tensile. The 
opposite trend was observed at the bottom face of the deck plate, indicating that the stress 
were due to local flexure of the deck plate under the wheel loads. The compressive stress 
was slightly higher than the tensile stress because of the localized compressive contact 
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stress under the load patch. Rib 4 was covered partially by the west load patch. The rib 
experienced higher normal stresses when compared to Rib 3. The load patch covered 
larger area of Rib 4 when compared to Rib 3. Figures 74 and 75 show the normal stress in 
the longitudinal direction of the deck for all four load steps at a section along the center 
line of Rib 4, respectively at the top surface of the deck plate and at the soffit of the rib. 
The stresses in the deck plate are local to load patches and decreased rapidly away from 
the load patches (Figure 74). The ribs show response similar to a continuous beam 
subjected to concentrated loads (Figure 75). In between the subfloor beams, the rib 
experienced downward deflection and at the subfloor beams the ribs experienced upward 
deflection similar to the behavior of the continuous beams under loading. Therefore, the 
top face of the rib experienced compressive stress except at the subfloor beams. Whereas, 
ribs experienced tensile stress between the subfloor beams and compressive stress at the 
subfloor beams. The transverse stresses experienced by the ribs and the deck are 
presented in the following. 
To study the transverse stress in the deck, a section of the deck 1.3 m (4 ft 11/2 in) 
north of SFB2a, identified as section X-X was chosen (Figure 76). The section X-X is 
located concentrically under actuator #4. In the crawl test, the deck was loaded in eight 
different transverse positions. The effect of change in the transverse position on the 
transverse stress experienced by the deck and the ribs will be examined here. Figures 77 
to 80 show the transverse stresses and the deformed shape at section X-X for the crawl 
test positions 3 to 6. The transverse stresses are plotted for the load step LC-5, where the 
load patches representing the rear axle of the truck was concentric to SFB2a and the load 
patches representing the front axle of the truck was 1.2 m (4 ft) north of SFB2a. The 
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transverse stresses both on the top and the bottom faces of the deck and on the internal 
and the external faces of the ribs are presented in these figures. The “+ve” stress indicates 
tension and the “–ve” stress indicates compression. As is evident only the ribs under the 
load patches experienced large deformations and high stresses. The other ribs essentially 
remained undeformed confirming that the response of orthotropic decks is localized 
under wheel loads. The stresses on the top and the bottom faces of the deck plate 
experienced transverse flexure. Evidently, the deck plate behaved as a continuous beam 
supported on the rib walls. On the bottom face of the deck at the rib-to-deck welded 
connection, the transverse stress was compressive for all positions. Fatigue cracking of 
orthotropic decks in service has mostly occurred at the rib-to-deck welds either from the 
weld toe or the weld root, when 12 mm (1/2 in) and 14 mm (5/8 in) thick deck plates 
(Kolstein 2007) were used. Due to the presence of high tensile residual stresses at the 
weld toe and the root, the welded connection will locally experience a total tensile stress 
cycle even when subjected to nominal compressive stresses under wheel loads, 
contributing to fatigue damage at this welded connection. The ribs under the wheel loads 
distorted due to frame action between the rib and the deck plate. The distortion 
introduced linearly distributed stresses in the ribs. The stresses were of opposite sense on 
the internal and external faces where the ribs walls underwent flexural deformation. 
However, the magnitude of these stresses on the internal and external faces under the 
wheel loads was different due to in-plane compressive stresses in the ribs.  
In the static and the fatigue tests the overhead actuators were placed symmetric 
with Rib 5. The deformed deck at section X-X in the static test simulations is presented in 
Figure 81 for the four load steps at 100× magnification. The deck section exhibited a 
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global tilt towards east, since the floor beam was fixed to the wall at the west end and 
other components were cantilevered off it. Ribs 1 and 2 and ribs 7 and 8 that were located 
to the west of stringer A and to the east of stringer B respectively where no loads were 
applied exhibited negligible cross section deformation. The deck experienced maximum 
deformation in LS-3, when the load patches located at section X-X was loaded to the 
maximum (Figure 81). The part of the deck at section X-X, under the load pads 
experienced maximum deformation, with significant distortion of ribs 3, 4, 6 and 7, and 
flexural deformation of deck plate under the load patches. Rib 5, which was not under the 
load patch, did not distort and the deck plate underwent hogging flexural deformation as 
shown in Figure 82. Figure 83 shows the transverse stresses on the top face of deck and 
external face of ribs 3 to 7 in static test simulation. Figure 84 shows the transverse 
stresses on the bottom face of deck and internal face of the ribs 3 to 7. The transverse 
stress for the ribs and the deck that were under the load pads experienced high stresses. 
The deck plate that was between the ribs or over the ribs predominantly underwent 
bending.  
Figures 85 to 88 show the transverse stresses from FEA results at the weld toe and 
the weld root on both the east and the west sides of the rib for crawl test positions 1 to 8, 
when the east wheels straddled between the SE-B and Rib 5. Figures 89 and 90 show the 
change in stresses at the weld toe on the west and the east rib wall of Rib 7. Similar to 
influence line diagrams, for each location of interest (the weld toe or the weld root) the 
stress ordinates are plotted on the centreline of the wheel pair. It should be noted that the 
influence lines are plotted for the weld toe and weld root sections but not at the strain 
gauge locations. The bottom face of the deck plate is considered as the datum with 
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compressive stresses plotted on the underside of the deck plate. Considering the 
symmetry of the section about Rib 5, the transverse stresses at the rib-to-deck weld of Rib 
3 are also plotted in these figures mirrored about the centreline of Rib 5, with Rib 3 east 
mapping onto Rib 7 west and Rib 3 west mapping onto Rib 7 east and the stress ordinates 
plotted on the centreline of the corresponding mirrored load patch. The mirrored crawl 
test positions are identified with the suffix “M” attached to respective positions. Each 
position is indicated by a pair of uniformly distributed loads with a gap in between to 
represent the pair of wheels, although the gap was not provided in the load patch for FE 
simulation of the crawl tests. Figure 85 shows the transverse stress at the west rib-to-deck 
weld toe. As is evident from Figures 85 and 86, the weld toe and the weld root of the 
west rib-to-deck weld of Rib 7 experienced the maximum stress in the crawl test position 
4 when the load patch was central to the west rib wall. Similarly, the weld toe and the 
weld root of the east rib-to-deck weld of Rib 7 (Figures 87 and 88), experienced the 
highest stress in the crawl test position 2 when the load patch was central to the east rib 
wall. When a load patch was central to a rib wall, the load patch due to each wheel was 
essentially located on the either side of the rib wall with the gap between the wheels 
located right above the rib, creating a loading condition where the spans adjacent to the 
rib were loaded. Accordingly, the deck plate underwent a hogging flexural deformation 
with maximum negative moment developing over the rib wall. The transverse stresses at 
the west rib-to-deck connection of Rib 7 became insignificant when the wheel loads 
moved over Rib 6. It can be observed from the above figures that the transverse stresses 
in the deck at a location are highly sensitive to the location of the load patches. The weld 
toe on the east rib wall of Rib 7 (Figure 89), experienced the highest stress in the crawl 
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test position 3 when the load patch was central to Rib 7. When a load patch was central to 
a rib, the load patch due to each wheel was essentially located on the rib wall with the 
gap between the wheels located right above the rib, creating a loading condition where 
the rib walls were loaded and the deck plate above the rib was not loaded. The rib wall 
supported the load completely therefore, the east rib wall also experienced the highest 
stress in position 3 (Figure 90). The transverse stresses at the west rib wall of Rib 7 
became insignificant when the wheel loads moved away from Rib 6. The transverse 
stresses at the east rib wall of Rib 7 also became insignificant when the wheel loads 
moved away from Rib 6. Thus, the transverse stresses in the rib wall at a location are also 
highly sensitive to the transverse location of the load patches. 
3.11.2 Behavior of the Sub-floor Beams 
The deformed configurations of SFB1 and SFB2a are shown in Figures 91 and 92 
under LS-1 and LS-3 in the static test simulations respectively, when the load patches 
located on the subfloor beams were loaded to the maximum. Since SFB1 was supported 
by the floor beam, the deformation of SFB1 was much less than the the deformation of 
SFB2a (Figure 93). The east end of the floor beam was displaced downwards matching 
the actuator displacement in the laboratory testing which resulted in a displaced profile 
similar to the propped cantilever. Since the subfloor beam was integral with the stringers, 
it transferred the wheel loads to the stringer extension plates through shear. Assuming 
that SFB2a is a simply supported beam, which is loaded by two distributed load patches, 
the shear force and the bending moment diagrams of SFB2a are shown in Figure 94. The 
bending moment is maximum at the mid-span, therefore the deflection is maximum at the 
mid-span of SFB2a. The contours of the maximum principal stress in SFB1 and SFB2a 
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are shown in Figures 95 and 96 for LS-1 and LS-3 respectively. The transfer of shear to 
the stringer extensions resulted in a tension field from the bottom (tension) flange to the 
top corner formed by the subfloor beam and the stringer extension. As is evident, the 
stresses in SFB1 were much less compared to those in SFB2a. In both cases, however, the 
maximum stress occurred at the termination of the cutouts in the subfloor beam and in the 
bulkhead plates at ribs 3 and 7. The behavior of the bulkhead plates are discussed later 
Since SFB2a experienced much higher stress compared to SFB1, the first level submodel 
was developed to investigate the behavior of SFB2a in detail. In the first level submodel, 
the part of the prototype deck in between the stringer extensions was modeled. The 
contours of maximum principal stress in SFB2a in LS-2 obtained from the first level 
submodel are shown in Figure 97. As is evident, the subfloor beam essentially deformed 
as a beam spanning between the stringer extensions. The west load patch covered parts of 
ribs 3 and 4 and the deck plate between the ribs. Similarly, the east load patch on the east 
covered parts of ribs 6 and 7 and the deck plate in between the ribs. Local deformation of 
the deck plate is seen under the load patches as the bulkhead plate did not extend up to 
the deck plate.  
The shear induced tensile stress field in the subfloor beam was interrupted by the 
rib cutouts, and the stress field deviated around the cutout. Because of the continuity 
provided by the bulkhead plates inside the ribs at the subfloor beam locations, a diagonal 
tension field also developed in the bulkhead plate from subfloor beam to rib cutout to 
opposite upper corner of the bulkhead plate (Figure 97). The second level submodel was 
developed to investigate the stresses at cutout in SFB2a and the bulkhead plate. The 
tension field also branched in the web of the subfloor beam around the cutout. As a result, 
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high stress concentrations developed in the web of the subfloor beam at the periphery of 
the cutouts where the tension fields were approximately tangential to the cutouts. The 
stress concentration was high at the cutout near the rib-to-subfloor beam connection, 
where the radius was 25 mm (1 in). The rib-to-subfloor beam weld at this location also 
contributed to the increase in stresses due to the presence of the sharp notch at the weld 
toe. The stress concentration was less at the cutout under the ribs, where the radius was 
165 mm (61/2 in). Hence the subfloor beam-to-rib welds, and the bulkhead plate to the rib 
welds were expected to develop fatigue cracking. Figure 98 shows the out of plane 
bending experienced by SFB2a at Rib 3. The stress normal to the weld toe is plotted on 
the north and south faces of SFB2a are plotted along a path tangential to the cutout. As is 
evident, the stresses were primarily in-plane, and the out-of-plane stress component was 
comparatively less. The out-of-plane bending component was maximum at the weld toe 
and decreased rapidly away from the weld toe, where the stresses became primarily in-
plane.  
3.11.3 Behavior of the Bulkhead Plate 
The contour of maximum principal stress is shown in Figure 99 for LS-3 of static 
test simulation. The results were obtained from the analysis of SM2, which consisted of 
Rib 3 and part of SFB2a. The maximum principal stress obtained from this model was 
282.5 MPa (41.0 ksi). The value of the maximum principal stress depended on the size of 
the mesh, with the maximum stress increasing with the decreased mesh size. Stress 
concentrations also developed in the bulkhead plates near the termination of the tension 
fields. At the top edge of the bulkhead plate high stress concentration was observed at the 
bulkhead-to-rib welded connection. The interruption of stress path caused by the 
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termination of the bulkhead plate and the sharp notch of rib-to-bulkhead plate weld toe 
led to the sudden increase in stresses at this location. Theoretically the stress at this 
location, which has a sharp notch due to the presence of weld toe is infinite. Figure 100 
shows the contour of maximum principal stress only in the bulkhead plate in LS-3 of the 
static test simulation. Figure 101 shows the normal stresses in the bulkhead plate in a 
direction perpendicular to the toe of the rib-to-bulkhead weld. The normal and principal 
stresses as shown in Figures 100 and 101 are plotted in Figure 102 along the path on the 
weld toe. The path originated at the top corner of the bulkhead plate and the direction of 
the path is represented by the arrow. The maximum principal stress identified as σP and 
the stress normal to weld toe is identified as σN. Both the peak maximum principal stress 
and the maximum stress normal to the weld toe were 128.8 MPa (18.7 ksi), which 
occurred at 178 mm (7 in) from the top edge of the bulkhead plate. The angle of 
maximum principal stress at this location with respect to the normal to the weld toe was 
4°. The location of maximum principal stress is identified as P and the termination of the 
cutout is identified as T. As is evident, the stresses at the bulkhead plate-to-rib weld toe 
reached maximum at a distance of about 18 mm (3/4 in) from the cutout termination. The 
values obtained at this location are dependent on the size of the mesh because the values 
were obtained at the weld toe. If the mesh size is decreased, the stress increases due to the 
presence of sharp notch which leads to theoretically infinite stress. In the Figure 103 the 
maximum principal stress is plotted along a path that is 152 mm (6 in) from the weld toe. 
This path was parallel to weld toe and originated at the midpoint of the top edge of the 
bulkhead plate. The path was arbitrarily chosen to pass through the relatively uniform 
region of the tension field. The stress field over the central band was quite uniform. Over 
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the same zone the principal stress field at weld toed varies significantly as is evident from 
the contour plots.  
In Figure 104 maximum principal stress along with the stress normal to the weld 
toe is plotted along a path originating from the point P and normal to the weld toe of the 
east weld of bulk head plate to rib connection. The stress decreased rapidly over a 
distance of 102 mm (4 in) before becoming almost constant. The direction of the 
principal stress was close to the normal to the weld toe for about 51 mm (2 in), after that 
there is a significant difference between the maximum principal stress and the stress 
normal to the weld toe. The distance over which the stress decreased depends mainly on 
the mesh size. Greater the mesh size larger the distance over which the stress decreases. 
If the mesh size was less than the stress rapidly decreases for a smaller distance. The 
fatigue guidelines which are based on the nominal stress range cannot be applied here 
because the nominal stress range cannot be calculated due to the presence of stress 
concentration caused due to the cut out and the presence of the weld toe. Figure 105 
shows the out of plane bending experienced by the bulkhead plate in Rib 3. The stress 
normal to the weld toe is plotted on the north and south face of the bulkhead plate. It can 
be seen that the out-of-plane bending is maximum at the weld toe even though it is 
insignificant. The out-of-plane bending decreases away from the weld toe and the stresses 
becomes primarily in-plane. 
 78 
 
4 RESULTS OF CRAWL TEST 
As discussed in Chapter 2, crawl tests were performed to determine the transverse 
and the longitudinal location of the actuators. A total of 357 data channels including 196 
uni-axial strain gauges, 48 rosette strain gauges, four bi-axial strain gauges and nine 
LVDTs were used for the crawl tests. All measurements were conducted within the 
nominal elastic range of the material. The strains measured at the gauges were converted 
to stresses by a modulus of elasticity of 2×105 MPa (29000 ksi) assumed for steel. The 
data recorded by the strain gauges and the LVDTs during the crawl tests were plotted 
with the distance of the test truck from the SFB2a on X-axis or the abscissa and the stress 
or the displacement on Y-axis or the ordinate. The distance of the truck was plotted with 
respect to SFB2a, as the prototype deck was symmetrical about SFB2a. The starting point 
of the test truck was 3.4 m (11 ft 2 in) south of SFB2a. The end point of the test truck was 
3.4 m (11 ft 2 in) north of SFB2a. The total distance travelled by the test truck in each 
crawl test position was 6.8 m (22 ft 4 in). 
4.1 Global Response of the Prototype Deck 
The longitudinal stress and the vertical displacement that were recorded by the 
strain gauges and the LVDTs respectively are presented in this section. As explained in 
Chapter 2, the uni-axial strain gauges installed on the soffit of the ribs were oriented in 
the longitudinal direction. The LVDTs and the uni-axial strain gauges installed on the 
soffit of the ribs were installed on the north of SFB2a, which was at the mid distance 
between SFB1 and SFB2a.  
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The LVDTs, channels 374 and 376, were installed under ribs 3 and 4 respectively. 
The strain gauges and the LVDTs were installed at a distance 1.9 m (6 ft 21/4 in) north of 
SFB2a. The longitudinal stresses and the vertical displacements recorded by these sensors 
are shown in Figures 106 to 113 for the crawl test positions 3 and 5. These plots show the 
variation of longitudinal stresses or the displacements as the test truck rolls along the 
deck. In position 3 of the crawl test, the west wheel is over Rib 4 and in position 5 the 
west wheel is central to ribs 3 and 4. Hence, the change in the longitudinal stresses and 
the change in the vertical displacement can be identified as the test truck shifts 
transversely over the deck. The FEA results of the respective crawl test simulations are 
also plotted in the figures. The maximum difference between the FEA results and the 
crawl test results in the above figures is 40% (Figure 110) for the longitudinal stress and 
25% (Figure 113) for the vertical displacement. In the position 3, the strain gauge channel 
222 recorded highest longitudinal stress when the center of the test truck coincided with 
the strain gauge location (Figure 106). The LVDT channel 374 recorded maximum 
vertical displacement when the truck was right above the LVDT (Figure 107). The 
displacement recorded by the LVDT was constant when the truck passes over the LVDT, 
where as the stress recorded by the strain gauges increased until the center of the truck 
coincided with the strain gauges. In the position 5, the strain gauge channel 222 recorded 
two distinct peaks as the test truck rolled on the deck (Figure 108). It can be observed that 
the stresses profile recorded by the strain gauge is smooth until the test truck is in the 
vicinity of the strain gauge. Therefore, it can be assumed that the wheel of the truck 
causes some local stresses in the deck. The distance between the peaks is almost equal to 
the spacing of the axles on the test truck. Hence each peak recorded by the strain gauge 
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corresponds to each axle of the test truck. In position 3, the LVDT channel 376 
experienced the highest displacement, when the center of the truck was coincident with 
the LVDT (Figure 109). In position 5, the strain gauge channel 222 experienced peak 
stress, when the rear wheel was over the strain gauge (Figure 110). The LVDT channel 
374 experienced maximum displacement when the truck was coincident with the LVDT, 
in position 5 (Figure 111). In position 5, Rib 4 (channel 217) experienced two distinct 
peaks as the test truck rolled on the deck (Figure 112). The displacement (channel 376) 
was highest when the truck was coincident with the LVDT location (Figure 113). The 
longitudinal stress and the vertical displacement of Rib 3 is less than that of Rib 4 
because Rib 3 is closer to the SE-A. Therefore, Rib 3 was more restrained compared to 
Rib 4.  
The strain gauges, channels 27 and 366 were the uni-axial strain gauges installed 
back to back on the west rib wall of Rib 7, oriented along the rib, normal to rib-to-deck 
weld toe. Similarly, the strain gauges channels 26 and 364 were the uni-axial strain 
gauges installed on the east rib wall of Rib 7. Uni-axial strain gauges channels 358 and 
367 were installed back to back on the top and bottom face of deck plate at the rib-to-
deck plate weld toe respectively. The strain gauges were installed at west of Rib 7 and 
were oriented transversely. Similarly, the uni-axial strain gauges channels 365 and 367 
were installed back to back on the top and bottom face of deck plate at the rib-to-deck 
plate weld toe respectively. The strain gauges were installed at east of Rib 7 and were 
oriented transversely. These strain gauges were installed 1.3 m (4 ft 11/2 in) north of 
SFB2a. Figures 114 to 117 show the stresses recorded by the strain gauges at the rib-to-
deck welded connections for the crawl test position 3. As explained in Chapter 2, in 
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position 3, the wheels on east side of the truck were placed concentric with Rib 7 with the 
pair of tires coincident with the east and the west rib walls of Rib 7. Figures 118 to 121 
show the stresses recorded by the strain gauges at the rib-to-deck welded connections for 
the crawl test position 5. In position 5, of the outer tire on the east side was coincident 
with the west rib wall of Rib 7. The stress normal to the weld toe of the rib-to deck weld, 
which were recorded by strain gauges installed in back to back configuration are plotted 
on the same graph for assessing the in-plane and out-of-plane stress components in the 
deck plate and the rib walls. The results obtained from the FEA of the global model have 
been plotted along with the crawl test results. These plots show how the normal stresses 
in the transverse direction at the gauged section are changing as the test truck crawled 
along the length of prototype deck. As is evident the normal stresses recorded by the 
strain gauges on the deck plate and the rib walls were insignificant when the truck was on 
the south side of SFB2a. The stresses changed as the truck approached the subfloor beam 
and reached maximum values when the truck was on the north side of SFB2a at the 
gauged section. For each passage of the truck, two stress peaks were recorded at the 
strain gauges installed on the rib wall and the deck (Figures 114 to 121). This showed 
that the transverse stresses were highly localized under the wheel. The transverse stresses 
in deck plate were greater than the transverse stresses in the rib wall.  
The stress normal to the weld toe of rib-to-deck weld in the west rib wall, 
recorded by channels 27 and 366 in position 3 is shown in Figure 114. Two distinct peaks 
can be observed, which were at a distance equal to the spacing of the axles of the test 
truck. Hence, it can be concluded that the each peak was caused when a wheel of the test 
truck was over the gauged section. Under the front wheel, channel 27 recorded higher 
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compressive stress when compared to the stress recorded by channel 366. Under the rear 
wheel, channel 27 recorded less compressive stress when compared to the stress recorded 
by the channel 366. 
The stress normal to the weld toe of rib-to-deck weld on the deck plate, recorded 
by channels 358 and 367 in position 3 is shown in Figure 115. Similar to the rib wall, the 
stress recorded by the above strain gauges were insignificant until the test truck crossed 
SFB2a. When the front wheel approached the gauged section, the top and the bottom face 
of deck plate experienced tensile stress and compressive stress respectively. Since the 
strain gauges were installed on the deck plate at the weld toe of the rib-to-deck weld toe, 
the deck plate bent over the rib wall causing the top and the bottom face of the deck plate 
to be in tension and compression respectively. This effect was local under the wheels of 
the test truck. As the center of the truck approached the gauged section, the top and the 
bottom face of the deck plate experienced compressive and tensile stresses respectively. 
Again once the rear wheel approached the gauged section, the deck plate bent over the rib 
wall causing the top and the bottom face of the deck plate to be in tension and 
compression respectively. The stress normal to the weld toe of rib-to-deck weld on the 
east rib wall, recorded by channels 26 and 364 in position 3 is shown in Figure 116. 
When compared to the normal stresses recorded by the above strain gauges under the 
front wheel, the normal stress recorded under the rear wheel is higher. In this figure also 
two distinct peaks can be identified corresponding to each axle. It can be seen that the 
bending stress in the rib wall increases as the front wheel of the truck crosses the gauged 
section. The stress normal to the weld toe of rib-to-deck weld on the deck plate, recorded 
by channels 356 and 365 in position 3 is shown in Figure 117. Similar to the rib wall, the 
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stress recorded by the above strain gauges were insignificant until the test truck crossed 
SFB2a. Under the front wheel, the normal stress was mostly in-plane. As the center of the 
truck approached the gauged section, the top and the bottom face of the deck plate 
experienced compressive and tensile stresses respectively. Under the rear wheel, the 
normal stress has significant out-of-plane stress component. This shows that the wheel 
has shifted its position transversely with respect to the deck.  
The stress normal to the weld toe of rib-to-deck weld on the west rib wall, 
recorded by channels 27 and 366 in position 5 is shown in Figure 118. In this plot also 
two distinct peaks can be observed. The normal stresses recorded by the strain gauges as 
the front wheel passed the gauged section was less than the normal stress recorded by the 
strain gauges as rear wheel passed the gauged section. The bending stress in the west rib 
wall has increased under the rear wheel. This may indicate a transverse shift in the wheel. 
The stress normal to the weld toe of rib-to-deck weld on the deck plate, recorded by 
channels 358 and 367 in position 5 is shown in Figure 119. Two distinct peaks can be 
observed, where each peak was caused to the passing of the wheel over the gauged 
section. It also can be observed that the bending stress under the rear wheel was lower 
than the bending stress under the front wheel. This indicates that the wheel has shifted 
away from the strain gauge. The stress normal to the weld toe of rib-to-deck weld on the 
east rib wall, recorded by channels 26 and 364 in position 5 is shown in Figure 120. The 
normal stresses recorded by the strain gauges as the front wheel passed the gauged 
section was less than the normal stress recorded by the strain gauges as rear wheel passed 
the gauged section. The bending stress in the west rib wall has increased under the rear 
wheel. This may indicate a transverse shift in the wheel. The stress normal to the weld toe 
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of rib-to-deck weld on the deck plate, recorded by channels 356 and 365 in position 5 is 
shown in Figure 121. In position 5, no load was applied on the east side of Rib 7. The 
magnitudes of the normal stress recorded by the strain gauges in position 5 were very 
small when compared to position 3. The normal stresses recorded by the strain gauges on 
the west side of Rib 7 under different crawl test positions are presented in Table 7. 
Similarly, on the normal stresses recorded on the east side is presented in Table 8. The 
deck plate on the west of Rib 7 experienced maximum stress in the crawl test position 4. 
In the crawl test position 4, the pair of wheels at the east side of the truck was placed 
central to the west rib wall of Rib 7. The west rib wall of Rib 7 experienced maximum 
normal stress in the crawl test position 6. In the crawl test position 6, the pair of wheels at 
the east side of the truck was placed central to the east rib wall of Rib 6. The deck plate 
on the east of Rib 7 experienced maximum stress in the crawl test position 4. The east rib 
wall of Rib 7 experienced maximum normal stress in the crawl test position 4. 
4.1.1 Verification of Stress Profile 
The features observed in the normal stress recorded by the strain gauges needed to 
be verified. The two features that were observed in the plots and will be verified are: 
1. Rapid increase in the normal stress as the truck approaches the strain gauge. 
2. Difference in the response (normal stress) under the front wheel and the rear wheel of 
the truck. 
While the first item was attributed to localized response characteristics of the deck 
under wheel loads, it was not clear why the front and rear axles, both of almost the same 
magnitude, would produce different stresses. This was noted due to the difference in FEA 
and measured results. One of the reasons for the difference in response under the almost 
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identical front and rear axles could be the difference in the size of tire patches, since 
retreaded tires of visibly different physical characteristics (diameter, thickness, tread 
marks, etc.) were used. The verification of the rapid increase in the transverse stress as 
the truck approaches the strain gauges was performed for the crawl test position 5. In the 
crawl test position 5, the outer wheel on the east side of the truck was placed central to 
the west rib wall of Rib 7. As explained in Chapter3, the load patches were modeled 
according to the AASHTO LRFD Bridge Design Specifications. These tire patches were 
254 mm (10 in) long and 508 mm (20 in) wide. The tire patches produced by the test 
truck individually differed from the idealized dimensions as described in Chapter 3. To 
assess the effect of the actual tire patches on the localized stresses, the global model was 
analyzed for the crawl test position 5 with the rear axle of the test truck on SFB2a (load 
case LC-5 as shown in Figure 9 Chapter 3). As shown in Figures 118 and 119, in this 
position the front axle of the test truck was located on the gauged section producing the 
first peak in the stress plot. The Figures 118 and 119 are reproduced as Figures 122 and 
123 along with the FEA results that considered the measured tire patches. The results 
demonstrated that the effect of measured tire size when compared to the ideal load patch 
was negligible. In addition, to verify the rapid rise in stresses when the axles approached 
the gauged section, the global model was analyzed for two load cases in the same 
transverse position of the truck (position 5), where the load patches were located 127 mm 
(5 in) to the south and north of LC-5 respectively. The FEA results were plotted in the 
Figures 122 and 123. The FEA results confirmed the rapid change in stress that was 
observed in the crawl test as the test truck approached the gauged section.  
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As observed in the plots for the crawl test position 3 (Figures 114 and 116), the 
response of the rib wall was different under the front wheel when compared to the 
response under the rear wheel. The effect of measured load patches when compared to 
the ideal load patches had to be determined. FEA were performed using idealized tire 
patches on the deck, according to the AASHTO LRFD Bridge Design Specifications. The 
axial and the bending stress components in the west and east rib walls of Rib 7 at the 
gauged section are presented in Figures 124 and 125 respectively, which were computed 
from the measurements in the back-to-back gauges. It can be seen that the axial 
compressive stress developed rapidly in the rib walls under each axle, as the load directly 
transferred to the ribs. On the west rib wall, the bending stress demonstrated the local 
behavior. The bending stress increased from -4.8 MPa (-0.7 ksi) to 4.8 MPa (0.7 ksi) 
(Figure 124). This shows that the bending of the rib wall underwent reversal. The 
bending stress, however did not exhibit this local effect due to individual axles on the east 
rib wall on the east rib wall. The magnitude of the bending stress at the gauged section 
gradually increased as the truck crossed SFB2a onto the north side, and reached a 
maximum when the rear axle was on the section (Figure 125). The magnitude of the 
bending stress experienced by the east rib wall increased from -22.1 MPa (-3.2 ksi) to -
28.2 MPa (-4.1 ksi). The FEA results also showed higher bending stress under the rear 
wheel. The east rib wall of Rib 7 experienced higher bending stress because it 
experienced higher restraint due to its closer vicinity to the SE-B. Figure 126 shows the 
load cases that were corresponding to the longitudinal location of the test truck discussed 
above. In Figure 126, two sections are identified as X-X and Y-Y. The section X-X is 
1.26 m (4 ft 11/2 in) north of SFB2a. The section Y-Y is 1.26 m (4 ft 11/2 in) north of 
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section X-X. These two sections have been considered because in LC-5 the front axle of 
the truck was right above the section X-X, in LC-6 the front and the rear axles were on 
the section X-X and Y-Y respectively and in LC-7 the rear axle was on the section Y-Y. 
Figures 127 to 129 show the deformed shapes of Rib 7 at SFB2a, at sections X-X and at 
section Y-Y under the load cases LC-5, LC-6 and LC-7 respectively as obtained from 
FEA of crawl test position 3. All deformed sections are depicted at the same level 
magnification i.e. 200×. The load patch covered the entire width of the rib as shown in 
the figures. As shown in Figure 127 (a), the deformation of Rib 7 at SFB2a in LC-5 was 
negligible because the rib was restrained against deformation at the top by SFB2a. Since 
the lower part of the rib was unrestrained, the rib underwent deformation at that region. 
As shown in Figure 127 (b), the deformation of Rib 7 at section X-X in LC-5 resembled 
the deformation of a frame under uniform loading. The deck plate experienced high 
deformation because of the rotation of the ribs at the junction of rib-to-deck connection. 
As shown in Figure 127 (c), Rib 7 at section Y-Y underwent little deformation in LC-5 
even though no load was applied on this section. As shown in Figure 128 (a), Rib 7 at 
SFB2a deformed negligibly in LC-6 because no load was applied on it and it was 
supported by SFB2a. As shown in Figure 128 (b), the deformation of Rib 7 at section X-
X in LC-6 was similar to the deformation of under LC-5. As shown in Figure 128 (c), the 
deformation of Rib 7 at section Y-Y in LC-6 was similar to the deformation of the rib at 
section X-X. As shown in Figure 129 (a), Rib 7 at SFB2a did not experience any 
deformation in LC-7. Only a slight rotation of the rib can be observed. As shown in 
Figure 129 (b), Rib 7 at section X-X deformed in LC-7 even though no load was applied 
on the section. The load was applied on section Y-Y and SFB1. This shows the effect of 
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load applied on section Y-Y on the deformation at section X-X. As shown in Figure 129 
(c), the deformation of Rib 7 at section Y-Y in LC-7 is similar to the deformation in LC-
6. From the above figures it can be observed that 
1. Insignificant deformation of the ribs at SFB2a under the load implies that loads are 
carried by SFB2a.  
2. Insignificant deformation of the ribs at SFB1 due to support provided by the floor 
beam which is highly rigid. 
3. Thus, the deformation of Rib 7 at section X-X in LC-5 is essentially the effect of 
front axle.  
4. The deformation of Rib 7 at section X-X in LC-7 is essentially the effect of the rear 
axle. 
5. The deformation of Rib 7 at section X-X in LC-6, is the effect of the rear axle present 
on section X-X, combined with the effect of the load applied by the front axle on 
section Y-Y at section X-X 
To find the effect of front axle at section X-X (the gauged section) on section Y-
Y; and the effect of front axle at Y-Y on section X-X, to explain the observed higher 
bending stress when the rear wheel is at section X-X. The LC-5 can be represented as the 
combination of LC-6 and LC-7 as shown in Figure 130. The contribution of stresses by 
the front wheel in LC-6 on section X-X is presented in Table 9. From the FEA results it 
was observed that the contribution of stresses on section X-X when the wheel was on the 
section Y-Y was negligible. On the contrary, the crawl test results showed high 
contribution of stresses on the section X-X when the wheel was on section Y-Y (Table 9). 
This needed to be investigated further. In position 3 the pair of tires on the east side of the 
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truck were central to Rib 3. The tire patch in the FEA models had a dimension of 254 mm 
(10 in) long and 508 mm (20 in) wide as per the AASHTO Bridge Design Specifications. 
The difference in the measured tire patches and the ideal tire patches was discussed in 
Chapter 2. The ideal tire patch covered the entire width of Rib 7 in the FEA model. The 
gap present between the tires was not taken into account. In the crawl test, the load was 
transferred primarily to the rib walls and the deflection of the deck plate was small. In the 
FEA model, as the load patch was covering the entire rib, the deck plate underwent 
significant deformation. Therefore, the deck plate over Rib 7 did not deflect as much as it 
is shown in Figures 127 (b) and 128 (b). From the FEA results, the magnitude of 
transverse stresses at both the east and the west rib walls is much higher than the test 
results. Since the load patches in the FE model were distributed over the complete width 
of Rib 7, the rotation of the rib walls in the FE model were higher when compared to the 
crawl tests results.  
For the crawl test position 5, no significant difference in the normal stress while 
comparing the idealized tire patch and measured tire patch was observed because the 
outer most tires on the east were central to the west rib wall of Rib 7. To assess the effect 
of the actual tire patch when compared to the ideal tire patch, a sub-model was created as 
shown in Figures 131 and 132. In the sub-model, parts of ribs 6, 7 and 8 were included 
along with the SE-B and SFB2a. No weld details were included in the model. The sub-
model was 3.8 m (12 ft 41/2 in) long and 2.5 m (8 ft 4 in) wide. The outer faces of the 
deck plate, ribs, SE-B and SFB2a were chosen as the faces to drive the analyses. The 
displacements results of the global model analyzed for the position 3 was used to drive 
the analyses of the sub-model. In this model, load was applied on the deck as uniform 
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pressure over the measured tire patches as shown in Figure 133. The idealized tire patch 
as per AASHTO Bridge Design Specifications is also shown in the figure in broken line 
as a comparison. The deck was analyzed for load cases LC-5 and LC-6 only (Figure 133) 
for crawl test position 3. The stresses at the gauge locations for the west and the east rib 
walls of Rib 7 as obtained from the sub-model analyses are shown in Figures 134 and 135 
respectively. The bending and the axial stress from the sub-model for the west and west 
rib wall of Rib 7 is presented in Figures 136 and 137. The first peak corresponds to LC5 
and the second peak corresponds to LC-6 
The FEA results agreed well with the test results in LC- 5 (Figures 134 to 137). 
The difference in the results obtained from the FEA analysis when the ideal tire patch 
was used and the measured tire patch was used can be observed. This shows that the 
response of ribs were highly sensitive to the dimension of load patches when the load was 
applied over the ribs. However in LC-6, the FEA results did not agree well with the test 
results (Figures 134 to 137). From the test results it can be observed that bending stress in 
the west rib wall and east rib wall underwent reversal and increased respectively when 
the rear axle was over the gauged section (Figures 124 and 125). This was possible if the 
wheel of the test truck had shifted from the intended position. The truck could shift 
transversely due to the west due to the gap between the guide truss on the deck and the 
guide tubes on the test truck. The gap in between the guide truss and the guide tube was 
51 mm (2 in). In order to verify this condition, load patches were shifted by 51 mm (2 in) 
to the west on the sub-model (Figure 138). The loads were applied on the measured load 
patches. Only two load cases LC-5 and LC-6 were analyzed. The results are plotted in 
Figures 139 to 140. It can be observed that in LC-6 the FEA results agree well with the 
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test results. The axial and the bending stress obtained from the sub-model for the west 
and the east rib wall are also plotted in the Figures 141 and 142. The bending stress 
obtained from the sub-model agreed well with the test results.  FEA results agree well 
with test results providing credence to the hypothesis that the truck may have shifted by 
51 mm (2 in) to the west. The analysis also demonstrated the sensitivity of the response 
of the rib walls with respect to transverse position of truck. 
4.2 Response of Subfloor Beams 
The crawl tests were performed to determine the actuator position for the fatigue 
test that would produce the most critical stresses. From the previous studies it was found 
that the subfloor beams were highly susceptible to fatigue cracking due to the presence of 
cutouts which leads to stress concentrations.  
4.2.1 Response of SFB1 
As explained in Chapter 2, the subfloor beams were made integral to the stringer 
extensions. The west side of Rib 3 and east side of Rib 7 experienced compressive stress 
whereas, the east side of Rib 3 and the west side of Rib 7 experienced tensile stress 
because of the transfer of load by shear to the stringer extensions. The principal stress in 
SFB1 at Rib 3 for different crawl test positions is shown in Table 10. The principal stress 
in SFB1 at Rib 7 for different crawl test positions is shown in Table 11. It can be 
observed from the Tables 10 and 11 that SFB1 experienced maximum principal stress in 
the crawl test position 5. Hence, only the results obtained in the crawl test position 5 will 
be discussed. On SFB1, rosettes were installed on the east and the west sides of ribs 3 and 
7. The rosettes were installed as close as possible to the cutouts to capture the high stress 
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concentrations at the cutout regions (refer to Chapter 3). The principal stresses can be 
calculated from the rosettes. The principal stresses in SFB1 at the east and west sides of 
ribs 3 and 7 are shown in Figures 145 to 148 The principal stresses recorded by the back 
to back rosettes are plotted on the same graph to visually assess the in-plane and out-of-
plane stress components. Also plotted are the FEA results obtained from the sub-model 1. 
As discussed in Chapter 3, the sub-model included the weld details and therefore 
captured local stress concentration due to weld notch. As is evident the FEA results 
agreed well with the test results. These plots show that for a single passage of the test 
truck, the rib-to-subfloor beam welded connection at SFB1 cutout experienced only one 
stress cycle. The stresses were the highest when the center of the truck coincided with 
SFB1.  
As shown in Figure 145, when the truck was in between SFB2b and SFB2a, the 
stresses in SFB1 at west of Rib 3 were increasing gradually. The stress at west of Rib 3 
kept on increasing and reached a peak when the front wheel was on SFB1. If this trend 
kept continuing, the peak stress would have been observed when the center of the truck 
coincided with SFB1. The out-of-plane stresses increased gradually as the truck 
approached SFB1. At the east side of Rib 3 as shown in Figure 146, SFB1 experienced 
primarily in-plane tensile stress when the truck was south of SFB2a. Out-of-plane 
bending stress was gradually increased and remained constant until the front wheel of the 
truck reached SFB1. The out-of-plane bending stresses reduced once the wheel coincided 
with SFB1. At the subfloor beam cutout to the west of Rib 7, out-of-plane bending 
stresses increased gradually once the truck started rolling (Figure 147). The out-of-plane 
bending stresses peaked as the front wheel of the truck was close to SFB1. The out-of-
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plane bending stresses reduced rapidly as the front wheel crossed SFB1. At the subfloor 
beam cutout to the east of Rib 7, out-of-plane bending stresses increased gradually once 
the truck started rolling (Figure 148). The out-of-plane bending stresses peaked as the 
front wheel of the truck was close to SFB1. The out-of-plane bending stresses reduced 
rapidly as the front wheel crossed SFB1. 
4.2.2 Response of SFB2a 
A LVDT identified as channel 380 was installed under the SFB2a. The LVDT 
was located central to the SE-A and SE-B. Adjacent to the LVDT, a strain gauge 
identified as channel 216 was installed. The strain gauge was oriented transversely. The 
data recorded in the crawl test positions 3 and 5 by channels 216 and 380 are presented in 
Figures 143 and 144 respectively. The purpose of these plots is to show the change in the 
global behavior of SFB2a as the test truck is shifted transversely over the deck. The 
transverse stress also remained the same under the test positions 3 and 5 (Figure 143). 
There was a small change in the deflection of SFB2a in position 3 when compared to 
position 5 (Figure 144). The transverse stress and the vertical displacement were highest 
when the center of the test truck coincided with the SFB2a. It can be inferred that the 
global effect does not get affected much by small changes in transverse load positions. 
As explained in Chapter 2, the subfloor beams were made integral to the stringer 
extensions. The west side of Rib 3 and east side of Rib 7 experienced compressive stress 
whereas, the east side of Rib 3 and the west side of Rib 7 experienced tensile stress 
because of the transfer of load by shear to the stringer extensions. The principal stress in 
SFB2a at Rib 3 for different crawl test positions is shown in Table 10. The principal 
stress in SFB2a at Rib 7 for different crawl test positions is shown in Table 11. It can be 
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observed from the Tables 10 and 11 that SFB2a experienced maximum principal stress in 
the crawl test position 5. Hence, only the results obtained in the crawl test position 5 will 
be discussed. On SFB2a, rosettes were installed on the east and the west sides of ribs 3 
and 7. The rosettes were installed as close as possible to the cutouts to capture the high 
stress concentrations at the cutout regions (refer to Chapter 3). The principal stresses can 
be calculated from the rosettes. The principal stresses in SFB2a at the east and west sides 
of ribs 3 and 7 are shown in Figures 149 to 152. The principal stresses recorded by the 
back to back rosettes are plotted on the same graph to visually assess the in-plane and 
out-of-plane stress components. Also plotted are the FEA results obtained from the sub-
model 1. As discussed in Chapter 3, the sub-model included the weld details and 
therefore captured local stress concentration due to weld notch. As is evident the FEA 
results obtained from sub-model 1 agreed well with the test results. These plots show that 
for a single passage of the test truck, the rib-to-subfloor beam welded connection at 
SFB2a cutout experienced only one stress cycle. The stresses were the highest when the 
center of the truck coincided with SFB2a.  
When the truck was in between SFB2b and SFB2a, SFB2a bent southward 
because the south face experienced higher compressive stress than the north face (Figure 
149). The bending reversed when the test truck was in between SFB2a and SFB1. The 
bending stress at this location was negligible. At the east side of Rib 3 as shown in Figure 
150, SFB2a experienced primarily in-plane tensile stress when the truck was south of 
SFB2a. Out-of-plane bending stress was introduced in the subfloor beam as the truck 
crossed SFB2a. At the subfloor beam cutout to the west of Rib 7, out-of-plane bending 
stresses occurred when the truck was on the span between SFB1 and SFB2a, as shown in 
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Figure 151. The maximum bending stresses occurred when the center of the truck 
coincided with SFB2a. As shown in Figure 152, at the east side of Rib 7, SFB2a bent 
southward when the truck was between SFB2b and SFB2a, because the south face 
experienced higher compressive stress than the north face. At this location the stresses 
were in compression. SFB2a experienced negligible bending when the truck was in 
between SFB2a and SFB1.  
SFB1 experienced less stress when compared to SFB2a because SFB1 was 
supported on the floor beam, which was quite rigid. The actuators were installed in such 
way to create maximum in-plane stresses in the subfloor beams.  
4.3 Response of Bulkhead Plate 
Strain gauges were provided on the bulkhead plates in ribs 3 and 7 at SFB1 and 
SFB2a. SFB1 was supported on the rigid floor beam and therefore the bulkhead plate at 
SFB1 experienced stress much less than that at SFB2a. Thus, the results of the strain 
gauges installed on the bulkhead plate at SFB2a will discussed in this section. The 
normal stress experienced by the bulkhead plate in Rib 3 under the crawl test positions 
are presented in Table 14. The normal stress recorded by the strain gauges on the 
bulkhead plate in Rib 7 under the different crawl test positions is shown in Table 15.  The 
bulkhead plates experienced maximum normal stress in position 5. The results of the 
crawl test position 5 will be presented in this section because this was the most critical 
position. The Since the truck in crawl test position 5 was located mid-way between the 
stringers in the transverse directions, the bulkhead plates in ribs 3 and 7 experienced 
stresses of similar magnitude. The strain gauges installed on the bulkhead plate in Rib 7 
at SFB2a will be discussed. As explained in Chapter 3, the cutouts present in the subfloor 
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beams interrupted the shear, which resulted in stress concentrations in the bulkhead plates 
at the location of the cutouts in subfloor beams. As presented in Chapter 2, the bulkhead 
plate was connected to the rib by fillet welds. The stress concentrations in the bulkhead 
plate can cause cracking of the rib-to-bulkhead plate welds. The bulkhead plate in Rib 3 
also experienced similar stresses as that of the bulkhead plate in Rib 7. The strain gauges 
were installed to record the high stresses experienced by the bulkhead plates.  
The results of the crawl test in position 5 recorded by the strain gauges discussed 
above are shown in the Figures 153 to 156. From the figures it is evident that that the 
bulkhead plate-to-rib welds experienced only one stress cycle as the test truck rolled on 
the deck. The strain gauges channels 18 and 21, located on one diagonal recorded 
experienced tensile stresses as the truck rolled along the deck as shown in Figures 153 
and 156. The strain gauges channels 19 and 20 on the opposite diagonal recorded 
experienced compressive stressed as the truck rolled along the deck as shown in Figures 
154 and 155. As was discussed in Chapter 3, the FEA results of the prototype deck 
indicated presence of diagonal tension field extending from the cutout in the SFB2a 
under the load patch to the diagonally opposite corner of the bulkhead plate. The uni-
axial strain gauges were oriented horizontally. Whereas, the diagonal tensile stress band 
was perpendicular to the weld toe of rib-to-bulkhead plate weld. The angle between the 
strain gauge and the normal to the weld toe of rib-to-bulkhead plate weld is 17°. Since the 
strain gauge did not deviate much from the direction of the stress recorded by the normal 
stress recorded by the strain gauge would be very close to the normal stress in the 
direction of the tension band. Since SFB2a was made integral with the stringers through 
the stringer extensions, the subfloor beam participated in transferring loads to the stringer 
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extensions by shear through the bulkhead plate, which resulted in complimentary 
diagonal tension and compression fields in the bulkhead plates.  
The maximum stress experienced by the various components of the prototype 
deck was in crawl test position 5. Hence, the actuators were placed centrally between the 
SE-A and SE-B, which was similar to the location of the truck in the crawl test position 
5. 
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5  RESULTS OF THE STATIC AND THE FATIGUE TEST 
5.1 Introduction 
As discussed in Chapter 2, a static test was performed on the deck specimen 
before initiating the fatigue test. During fatigue testing, intermittent static tests were 
performed at about every million load cycles. The nomenclature of each static test 
consists of the word “Static” prefixed by the date of the static test. For example, the test 
Static_012909 identifies the first static test conducted on January 29, 2009. At the onset 
of testing, four static test trials were conducted for shakedown and to determine 
repeatability of the results. The results of only the final trial are presented in this section. 
These static tests were conducted with a minimum load of 22.3 kN (5 kip) at each of the 
six overhead actuators to simulate the effect of permanent load. In subsequent fatigue and 
static testing the minimum load at each overhead actuator was reduced to 13.4 kN (3 kip). 
It was deliberated that a minimum load of 13.4 kN (3 kip) at each actuator would be 
sufficient to produce the effect of superimposed dead load on the deck. As such the data 
obtained from the static tests of January 29, 2009 was prorated to a minimum load level 
of 13.4 kN (3 kip). using the static tests conducted on March 30, 2009, whes static tests 
both at minimum load levels of 13.4 kN (3 kip) and 22.3 (5 kip) were conducted. The 
stress ranges measured by the gauges during the static test of January 29, for a minimum 
load of 22.3 kN (5 kip), were added to the corresponding minimum stresses form the 
static test of Marc 30 for a minimum load of 13.4 kN (3 kip).  
Total 363 data channels including 196 uni-axial strain gauges, 50 rosette strain 
gauges, four bi-axial strain gauges and nine LVDTs were used for the static tests of 
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January 29, 2009. Subsequently, some of the strain gauges that showed insignificant 
stresses, and the LVDTs were disconnected from the data logger prior to initiating the 
fatigue testing. Additional strain gauges were added during the course of fatigue testing 
as has been explained in Chapter 2. All measurements were conducted within the nominal 
elastic range of the material. The strains measured at the gauges were converted to 
stresses by multiplying with an assumed modulus of elasticity of 2×105 MPa (29,000 ksi) 
for steel. 
5.2 Discussions of Static Test Results 
5.2.1 Global Response of the Prototype Deck 
The displacements of the prototype deck were recorded using LVDTs. Eight 
LVDTs were installed at a section 1.9 m (6 ft 21/4 in) north of SFB2a, which was at the 
mid distance between SFB1 and SFB2a (Figure 23). The section was located in between 
actuators #3 and #4 and recorded maximum displacement in the load step 3, when the 
actuators #4 and #5 were loaded to the maximum. Two LVDTs identified as channels 
372 and 373 were installed to the west of SE-A in Bay A under the deck plate between 
ribs 1 and 2 and under Rib 2 respectively. These LVDTs recorded small displacements 
since the load was applied in between stringer extensions (SE-A and SE-B) and therefore 
the deformation of the deck to the east and the west sides of the stringer extensions (Bays 
A and C) were negligible. In between the stringer extensions (Bay B), the LVDTs were 
installed under ribs 3, 4 and 5 and under the deck plate in between ribs 3 and 4, ribs 4 and 
5 and ribs 5 and 6. The displacements recorded by the eight LVDTs in load step 3 are 
plotted in Figure 157, along with the FEA results, against the distance measured from the 
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west end of the deck. Also shown on this plot are: the plan of the deck with the section, 
origin, the direction and the respective load position identified; and the undeformed and 
deformed (at 100× relative magnification) pertaining deck section as obtained from the 
FEA. The sign convention adopted is –ve for downward displacement and +ve for 
upward displacement. As is evident, the measured and FEA displacements showed 
similar values and transverse distribution. In general, the displacements obtained from the 
FEA results were less because FEA tends to overestimate the stiffness matrix and hence 
underestimate the displacement solutions. Ribs 3 and 4 to the west and ribs 6 and 7 to the 
east that were closest to the load patches were most distorted. Comparatively, Rib 5 did 
not exhibit any significant distortions. The displacement at the LVDT installed under the 
deck between ribs 4 and 5 (channel 377) measured less vertical displacement because the 
portion of the deck in between the ribs experienced hogging flexural deformation. The 
measured displacement at this location was also less than the FEA result, indicating that 
the FEA predicted less transverse deformation.  
Uni-axial strain gauges of 6mm (1/4 in) gauge length were installed on the soffit of 
ribs 3, 4, 5, 6 and 7 aligned with the ribs. These gauges installed at the same section as 
the LVDTs. Similar strain gauges were also installed underside of on ribs 3, 4, 6 and 7 at 
1.9 m (6 ft 21/4 in) south of SFB2a. The strain gauges installed on the underside of the 
ribs and to the north of SFB2a recorded maximum longitudinal stress in load step 3. The 
strain gauges installed on the underside of the ribs and to the south of SFB2a recorded 
maximum stress in load step 4 when the load was applied closes to the section. The 
transverse distribution of the longitudinal stresses at these sections, as recorded by the 
strain gauges and obtained from FEA are plotted in Figures 158 and 159 respectively 
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with respect to the distance measured from the west end of the deck. Also shown on this 
plot are: the plan of the deck with the section, origin, the direction and the respective load 
position identified; and the pertaining transverse section of the deck. As is evident, the 
measurements agreed quite well with the FEA results. The transverse disposition of the 
load pads are indicated on the transverse section although this section did not cut through 
the load pads. The load pads were positioned such that they spanned parts of two adjacent 
ribs (3 and 4, and 6 and 7) and the deck plate in between. Since the loading and the deck 
section was generally symmetric, particularly the portion between SE-A and SE-B, the 
transverse distribution of the longitudinal stress was also symmetrical to Rib 5 (the 
central rib between SE-A and SE-B), although transverse deformation of the deck 
exhibited unsymmetry (Figure 157) due to unsymmetric boundary conditions. Near the 
west load pad, Rib 4 experienced higher longitudinal stress compared to Rib 3. Similarly, 
near the east load pad, Rib 6 experienced higher longitudinal stress compared to Rib 7. 
This indicated that the ribs 4 and 6 experienced larger longitudinal deformation compared 
to rib 3 and 7 respectively, which can be explained in view of the significantly larger 
longitudinal stiffness of the stringer extensions and the stringers that contributed to the 
longitudinal deformation of the adjacent ribs. Rib 5, away from the load pads, 
experienced less longitudinal deformation and hence longitudinal stress. The magnitude 
and the transverse distribution of longitudinal stresses at the section south of SFB2a was 
similar to the longitudinal stress recorded by the strain gauges installed to the north of 
SFB2a.  
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5.2.2 Response of Deck Plate 
Uni-axial strain gauges of 6 mm (1/4 in) gauge length were installed on the deck 
plate coinciding with SFB1, SFB2a and SFB2b (Chapter 2 Figure 13). Two strain gauges 
were installed on the deck plate at each subfloor beam, with one gauge installed between 
ribs 1 and 2, and the other gauge installed between ribs 5 and 6. Strain gauges of 6 mm 
(1/4 in) gauge length were also installed on the deck plate at the junctions of subfloor 
beams SFB1 and SFB2a with stringer extensions (SE-A and SE-B). All these gauges 
were oriented in the transverse direction. 
The strain gauges installed at SFB1 and SFB2a recorded maximum transverse 
stresses in load steps 2 and 3 respectively. As shown in Figures 160 and 161 is the 
distribution of transverse stresses at SFB1 and SFB2a obtained from the strain gauges 
and the FEA results in the transverse direction plotted with respect to the distance 
measured from the west edge of the deck. Also shown on this plot are: the plan of the 
deck with the section, origin, the direction and the respective load position identified; and 
the pertaining transverse section of the deck. The strain gauges recorded insignificant 
transverse stresses and agreed well with FEA results. The transverse stress distribution as 
obtained from FEA result was symmetric about Rib 5. The sharp change in the transverse 
stress as observed in the FEA results was due to the local bending of the deck plate over 
the rib under the load pad, where a gap existed between the deck plate and internal 
bulkhead plate. Similarly, abrupt change in transverse stress, but of smaller magnitude, 
due to localized transverse bending of the deck plate at the cope for the longitudinal deck 
splice was noted. The magnitude of this stress would have been higher under a wheel 
load. The transverse distribution of stresses at SFB2a was similar to that at SFB1. The 
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stress distribution was symmetric with respect to Rib 5. Sharp change in stresses were 
observed due to local bending of the deck plate over the ribs, where a gap existed 
between the deck plate and internal bulkhead plate, and over the copes for longitudinal 
deck splices. The static test results generally agreed well with the FEA results. 
The transverse stresses recorded by the strain gauges installed at the deck splices 
at SFB1 and SFB2a are shown in Figures 162 and 163 respectively. These gauges were 
oriented in the transverse direction of the deck. At each location, two gauges were 
provided normal to the east and west weld toes of the deck splice. Another gauge was 
installed coincident with the stringer extension. The figures show the stresses measured 
during the first static test of January 29, 2009. These stresses remained the same in 
subsequent static tests. Since SFB1 was supported by the rigid floor beam, it experienced 
less transverse deformation (see discussion in Chapter 3) and as such, the stress ranges 
recorded by the strain gauges at SFB1 were significantly less when compared to those at 
SFB2a. The maximum stress range measured in the corresponding gauges at the 
intersections of SE-A and SE-B with each subfloor beam were of comparable magnitude. 
The strain gauge at the west weld toe of the deck splice experienced larger stress 
compared to the east gauge because of the restraint provided by the stringer extension led 
to higher stress. The maximum stress range measured in the strain gauges at the deck 
splice welds was 30.2 MPa (4.4 ksi) at the intersection of SE-B and SFB2a. The deck 
splice detail, which was a complete penetration groove weld, can be classified as 
Category C according AASHTO LRFD Bridge Design Specifications. The constant 
amplitude fatigue threshold (CAFT) for a Category C detail is 69 MPa (10 ksi). Since the 
maximum stress range under the fatigue limit state load of 3×HS15+15% impact was 
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much less than the CAFT of the detail category, this detail is expected to exhibit infinite 
life.  
5.2.3 Response of the Ribs 
As discussed in Chapter 2, strain gauges were installed on the rib walls of Rib 7 
(Figures 21 and 22) and on the deck plate around Rib 7 at two transverse sections. One 
section contained with actuator #3 and the other section contained actuator #4. The 
arrangement of strain gauges was the same at both sections. Strain gauges were installed 
on both the west and the east rib walls in back-to-back configuration at the rib-to-deck 
weld connection to capture the in-plane and the out-of-plane stresses in the rib walls. 
Strain gauges were also installed on the deck plate in back-to-back configuration abutting 
the toe of rib-to-deck weld. The strain gauges installed on the deck plate at the load pad 
locations were damaged during the fatigue testing under repeated heavy load applied by 
the load pads. The transverse stresses measured by strain gauges installed at the section 
containing actuator #4 is presented in this section. The stresses recorded by the strain 
gauges in the plane of actuator #3 were similar. These strain gauges were not 
disconnected after the static test conducted on January 29 as they were installed in a 
critical area. The transverse stress measured on the rib walls during the static test 
conducted on January 29 is plotted along with the measurements of crawl test position 5 
as shown in Figures 164 and 165 for the east and the west rib walls respectively. The 
transverse stresses measured from the static test were not scaled to the crawl test load. 
The plots shown in Figures 164 and 165 were described in Chapter 4. These figures 
contain the measurements of the strain gauges installed on the west and east rib wall of 
Rib 7 respectively. The stresses are plotted with respect to the center line of the truck. 
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The transverse stresses measured in the static test tracked well with the crawl test 
measurements, demonstrating that the adopted loading protocol adequately simulated the 
movement of a truck along the deck. The FEA values on the west rib wall of Rib 7 also 
tracked the crawl test measurements well. The maximum transverse stress in the rib wall 
occurred in load step 3 when actuator #4 was loaded to the maximum. The out-of-plane 
bending was the highest in this load step. The axial and bending stresses for the east and 
the west rib walls of Rib 7 are shown in Figures 166 and 167. For the axial stress –ve sign 
indicates compression and the +ve sign indicates tension. For bending stress –ve sign 
indicates that the rib wall bent inward and +ve sign indicates that the rib wall bent 
outward. From the figures it can be observed that the in-plane and the out-of-plane 
stresses in the rib walls during the static test were the maximum in load step 3. The 
measured stresses are also plotted along with the transverse stresses obtained from the 
FEA results as shown in Figure 168. The west and the east rib walls experienced opposite 
flexural deformation consistent with the distortion of the rib as shown in Figure 82. 
While the west rib wall experienced compression outside and the tension inside, the east 
rib wall experienced compression outside and tension inside. As is evident the rib-to-deck 
weld detail, which was a partial penetration groove weld, was primarily subjected to 
flexural stresses. This detail can be classified as Category C according AASHTO LRFD 
Bridge Design Specifications for crack growth from the weld toe. The constant amplitude 
fatigue threshold (CAFT) for a Category C detail is 69 MPa (10 ksi). Since the maximum 
stress range under the fatigue limit state load of 3×HS15+15% impact was much less than 
the CAFT of the detail category, this detail is expected to exhibit infinite life. The 
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stresses recorded by these strain gauges did not change during the fatigue testing, 
suggesting that this detail did not experience any fatigue damage. 
5.2.4 Response of Stringer Extensions 
On the stringer extensions, 6 mm (1/4 in) rosettes were installed at the cutout to 
record principal stresses at the transition (Figure 24). These rosettes were installed on the 
north and the south faces of the stringer extensions in each bay. The stresses recorded by 
the rosettes installed on the SE-A and SE-B were similar. Typical principal stresses 
estimated from the rosettes on the east face of SE-A third bay are shown in Figure 169. 
The maximum principal stress was tangential to the transition. The maximum principal 
stresses in the stringer extensions were in the order of 35 MPa (5 ksi). The stringer 
extension detail comprising, only base metal, can be classified as category A according 
AASHTO LRFD Bridge Design Specifications. The constant amplitude fatigue threshold 
(CAFT) for a Category A detail is 165.4 MPa (24 ksi). Since the maximum stress range 
under the fatigue limit state load of 3×HS15+15% impact was much less than the CAFT 
of the detail category, this detail was expected to exhibit infinite life. As such the rosettes 
installed at the stringer extensions transitions were disconnected after the static test of 
January 29. 
5.2.5 Response of SFB1 
SFB1 was elaborately strain gauged at the intersections of ribs 2, 3, 7 and 8. 
These locations were instrumented identically as shown in Figures 25 to 28. Since the 
deck was loaded between the stringer extensions, SFB1 to the west of the SE-A and to 
the east of the SE-B experienced insignificant stresses at the intersection of ribs 2 and 8, 
As discussed in Chapter 3 with respect to FEA of the deck under the static test loading, 
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SFB1 at intersections with ribs 3 and 7 experienced very high stresses. The responses of 
the subfloor beam with respect to stresses measured by the strain gauges at these 
locations are discussed in this section. The load from the deck was transferred to the 
stringer extensions (and the stringers) through the subfloor beam by shear. The principal 
stress contour in SFB1 is shown in Figure 95 for load step 1, which produced the 
maximum stresses as actuators #1 and #2 loaded to the maximum. Due to the shear, the 
west (towards SE-A) and the east sides (towards midspan of SFB1) of Rib 3 in SFB1 
experienced respectively compressive and tensile stresses directed towards the rib. 
Similarly at the intersection with Rib 7, the west (towards midspan of SFB1) and the east 
(towards SE-B) sides experienced respectively tensile and compressive stresses directed 
towards the rib. The cutouts in the subfloor beam webs for pass-through ribs interrupted 
the stress paths leading to stress concentrations around the cutouts. As explained in 
Chapter 3, the stress close to cutouts change rapidly. 
The stresses measured by the strain gauges installed on SFB1 at the intersection 
of ribs 3 and 7 are shown in Figures 170 and 171 respectively. These figures show the 
location of the strain gauges and the measurements in load step 1. Also shown are the 
stresses measured on the bulkhead plates inside the rib, which are discussed in a separate 
section. Back-to-Back rosettes were installed on the subfloor beam web at the cutout 
terminations abutting the rib-to-subfloor beam weld, where the high stress concentrations 
were expected. The orientations of these rosettes were such that one of the arms was 
aligned with rib to subfloor beam weld toe. Accordingly, one of the other arms was 
oriented normal to the weld toe. The stresses measured by the individual arms of the 
rosette installed at the cutouts are shown in these figures. The maximum stress was 
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measured at the arm perpendicular to the weld toe. The principal stresses computed from 
the rosettes to the west and east of Rib 3 are shown in Tables 16 and 17 respectively. 
Similarly, the principal stresses computed from the rosettes installed on the west and east 
of Rib 7 are shown in Tables 18 and 19 respectively. The arrangement of the gauges in 
the rosette and the direction of the principal stresses are shown in the tables. The +ve sign 
indicates tension and the –ve sign indicates compression. The angles were measured with 
respect to the gauge perpendicular to the rib to subfloor beam weld toe. The angles were 
measured in the counter clockwise direction, the –ve sign indicates that the angles is 
measured clockwise. For the tensile principal stress, the direction of maximum principal 
stress is shown in the Tables 17 and 18, and for the compressive principal stress the 
direction of minimum principal stress is shown in the Tables 16 and 19. The principal 
stresses on the north and the south faces of SFB1 were of comparable magnitude, 
indicating that the stresses are predominantly in the plane of the subfloor beam web, 
although the difference in the orientation of stresses would indicate presence of some 
complex out-of-pane bending and/or twisting. From relatively small inclination of the 
principal stresses with respect to the weld toe normal, it can be observed that the principal 
stresses were almost tangential to the cutout at the measured locations, as the cutout 
formed an angle of 53° with the weld toe.  
Since fatigue cracking at the weld toe primarily initiates from crack like slag 
inclusions or micro discontinuities at the weld toe and progresses along the toe as a Mode 
1 crack (precipitated by the existing discontinuities), the stress component normal to the 
weld toe is primarily responsible for the fatigue crack growth. The stresses normal to the 
weld toe were measured in one arm of the rosette that was 10 mm (3/8 in) ahead of the 
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weld toe and therefore beyond the influence of the weld toe notch. This arm of the rosette 
was located within the influence of the high stress concentration due to the cutout, this is 
shown in the section 5.2.6. Thus the stress normal to the weld toe at the rosette included 
only the geometric effect of the connection, including the in-plane stress concentration 
due to the cutout and the out-of-plane stress gradient from the bending of the subfloor 
beam web due to the rib rotation. Although fatigue design category for the cutout detail is 
not defined in AASHTO LRFD Bridge Design Specifications, the magnified local tensile 
stress, when compared with AASHTO Category C fatigue design curve that classifies a 
connection detail experiencing fatigue cracking from a weld toe under uniform nominal 
stress without any stress magnification effect indicated that the detail was susceptible to 
fatigue cracking from the weld toe. Even though the larger principal stress recorded at the 
rosette on the west and east of ribs 3 and 7 respectively was in compression (Tables 16 
and 19), the presence of high tensile residual stresses at the weld toe can result in local 
tensile stress range leading to fatigue cracking from the weld toe.  
The stress measured by the strain gauges installed along an arc of the circle on the 
east and west of ribs 3 and 7 are also shown in Figures 170 and 171 respectively. The 
strain gauges were installed 25 mm (1 in) apart and 38 mm (11/2 in) above the cutout. The 
first strain gauge was installed abutting the subfloor beam to rib weld toe. Of the three 
strain gauges the largest stress can be expected at the first strain gauge with the stress 
reducing at second and the third strain gauge. The center of the strain gauge abutting the 
weld toe was 6 mm (1/4 in) away from the weld toe. This strain gauge was beyond the 
effect of the weld notch effect and captured stress magnification due to connection 
geometry. When compared with AASHTO Category C fatigue design curve, this location 
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was not susceptible to fatigue cracking as the measured stress was less than the CAFL for 
Category C. 
5.2.6 Response of SFB2a 
The instrumentation of SBF2a is shown in (Chapter 2 Figures 17 to 20). The 
subfloor beam was also instrumented with strain gauges at the intersections of ribs 2, 3, 7 
and 8, similar to SFB1. In addition, a uni-axial strain gauge 6 mm (1/4 in) gauge length 
was installed on the underside of the bottom flange of SFB2a at mid span between the 
stringer extensions. This strain gauge channel 216 was oriented transversely, and was 
aligned with the strain gauge channel 215 at the top of the deck plate. A LVDT channel 
380 was also provided under the bottom flange of SFB2a adjacent to the strain gauge 
channel 216. The global response of the deck as measured by channels 215 and 216 is 
plotted in Figure 172 along with the response predicted by FEA results under load step 3, 
when the actuators #4 and #5 was loaded to maximum producing maximum stress in 
SFB2a. Figure 173 shows the distribution of the stress through the depth of SFB2a at the 
section through the strain gauge channels 215 and 216. The measured stresses are also 
shown in this figure. The transverse stresses in the deck plate and the bulkhead plate was 
small because load was not applied on Rib 5. The transverse stress in the SFB2a at the 
edge of the cutout was higher due to the effect of stress concentration. The transverse 
stress increases towards the bottom edge of SFB2a because under flexure the bottom 
fiber experiences maximum tensile stress. The maximum vertical downward 
displacement measured by the LVDT was in load step #3 and the displacement was 3.6 
mm (0.14 in).  
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Similar to SFB1, the strain gauges installed on SFB2a at the intersection of ribs 2 
and 8 measured insignificant stresses because the load was applied only between the 
stringer extensions. SFB2a experienced high stresses when the actuator #5 was loaded to 
the maximum. Of the load steps 3 and 4, SFB2a experienced maximum stresses in load 
step 3, when actuators #4 and #5 loaded to maximum. The behavior of SFB2a was very 
similar to SFB1. The stresses measured by the strain gauges installed on SFB2a at the 
intersections of ribs 3 and 7 are shown in Figures 174 and 175 respectively. The figures 
show the location of the strain gauges and the stresses measured by them. The figures 
also include the stresses measured by the strain gauges installed on the bulkhead plates in 
the ribs, which will discussed in the following section. The stresses computed from the 
back-to-back rosettes installed abutting the cutouts on SFB2a at the west side and the east 
side of ribs 3 and 7 are shown in Tables 20 to 25. The stresses measured on SFB2a at Rib 
3 are compared with FEA results. Tables 20 to 23 show the principal stresses computed 
from the rosettes installed on the north and the south faces of SFB2a respectively and at 
the west side and the east side of Rib 3 respectively. The tables show the maximum and 
the minimum principal stresses including the directions of the principal stresses. The 
directions of minimum principal stresses are shown for the west side of Rib 3 (Tables 20 
and 21) and the directions of maximum principal stresses are shown for the east side of 
Rib 3 (Tables 22 and 23). Figure 176 shows the location of the strain gauges with the 
maximum principal stress contour from the FEA plotted on it. This figure shows the 
rosette was in the region of high stress concentration, thus, influencing the stress 
measured by the strain gauges. The FEA results are higher than the measured value 
because the weld toe was idealized as a sharp notch radius, whereas the weld in the 
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specimen has finite radius, causing lesser stress concentration. The principal stresses on 
the north and the south faces of SFB2a were of comparable magnitude, indicating that the 
stresses were predominantly in plane of the subfloor beam web, although the difference 
in orientation of stresses would indicate some presence of some complex out-of-plane 
bending and/or twisting. As expected and similar to SFB1, the largest stress was 
measured by the gauge perpendicular to the weld toe. From relatively small inclination of 
the principal stresses with respect to the weld toe normal it can be observed that the 
principal stresses were almost tangential to the cutout at the measured locations, as the 
cutout formed an angle of 53° with the weld toe. The principal stresses in SFB2a at Rib 7 
were very similar to the stresses measured in SFB2a at Rib 3. The west side of Rib 7 
experienced tensile stresses and the directions of the maximum principal stresses are 
shown in Table 24. The east side of Rib 7 is experienced compressive stresses and the 
directions of minimum principal stresses are shown in Table 25. The stresses in SFB2a 
are much higher than the stresses in SFB1 because SFB1 was supported by the floor 
beam, which reduced the deflection of SFB1 under load. These local stresses when 
compared to AASHTO Category C fatigue design curve indicated that the detail is 
susceptible to fatigue cracking from the weld toe. 
Below the ribs 3 and 7, a rosette was installed on the south face of the subfloor 
beam web abutting the cutout. As discussed in Chapter 2, these rosettes were positioned 
at the location of maximum principal stress in the lower portion of the cutout as predicted 
by the FEA results. These locations were towards the mid span of SFB2a, at 36° degrees 
from the centerline of the ribs. The maximum principal stresses measured by these strain 
gauges in load step 3 are shown in Tables 26 and 27 . The measured principal stress and 
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their directions agreed well with FEA results. The maximum principal stress was 
tangential to the cutout and the minimum principal stress normal to the free edge was 
naturally zero. As discussed in Chapter 3, the maximum tensile principal stress below the 
cutouts at these locations occurred due to transfer of the loads to the stringer extensions 
by shear, since the subfloor beams were made integral. 
The uni-axial strain gauge installed on the cutout of SFB2a at Rib 3 with channels 
276 and 277 on the north and the south faces of SFB2a respectively is shown in Figure 
177. The uni-axial stress measured by one arm of the rosette perpendicular to the subfloor 
beam-to-rib weld toe is also plotted and the FEA results obtained from the path 
originating from the weld toe concentric with the cutout and passing through the strain 
gauges at the cutout is plotted. This plot shows the decrease in the stress tangential to the 
cutout away from the subfloor beam-to-rib weld toe. The measured stress agreed well 
with the FEA results. The bending stress in the FEA model was uniform along the path, 
whereas from the measured values, the bending stress was greater at the weld toe and 
decreased away from the weld toe. The normal stress measured by the strain gauges with 
channels 276 and 277 was less than the CAFL for AASHTO Category A fatigue design 
curve, so this location is not susceptible to cracking. Figure 178 shows the stress 
measured by the strain gauges installed along the arc, the plot also includes the FEA 
results obtained from the path along the strain gauges. The FEA results showed less 
stresses when compared to the stresses measured by the strain gauges. The FEA results 
along the path shows a more rapid decrease compared to the measured values. The stress 
measured at the strain gauges around Rib 7 cutout were similar to Rib 3 but handed, as 
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the subfloor beam to the west and east of Rib 7 was in tension and compression 
respectively.  
All the strain gauges installed on SFB2a at ribs 2 and 8 were disconnected after 
the static test of January 29, 2009 and prior fatigue testing due to small stresses 
experienced by this part of the deck. 
5.2.7 Response of Bulkhead Plate 
The bulkhead plates in ribs 3 and 7 at SFB1 and SFB2a were instrumented as 
shown in (Figures 30 and 31). Only the north face of the bulkhead plates at SFB1 and the 
south face of the bulkhead plates at SFB2a were instrumented. The stresses measured by 
the uni-axial strain gauges on the bulkhead plates in ribs 3 and 7 at SFB1 and SFB2a are 
presented in Figures 170, 171, 174 and 175 respectively. These stresses on the north face 
of the bulkhead plate in Rib 3 at SFB2a (channels 10, 11, 12 and 13) are shown in Figure 
179 against the stress contours obtained from the FEA results for comparison. The nature 
of the measured stresses agreed with FEA results, however, the magnitude of the 
measured stresses were significantly less than the analysis results. One of the reasons for 
this difference could be that the weld in the FE model was idealized with a sharp notch 
radius, whereas the weld in the prototype deck had a finite radius, causing lesser stress 
concentration. The other reason could be that the strain gauges were located in regions of 
high stress gradient, where a small shift in the gauge position could result in significant 
difference in measured stresses. The strain gauges channels 11 and 12 recorded tensile 
stresses whereas the strain gauges channels 10 and 13 recorded compressive stresses. As 
explained in Chapter 3, the loads transferred from the subfloor beam to the stringer 
extensions by shear, which resulted in a diagonal tension field in the bulkhead plates 
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extending from the cutout termination on the rib towards the span to the bulkhead plate 
termination at the opposite corner. Consistent with shear loading, a compressive stress 
field developed along the other diagonal in the bulkhead plate. The stresses measured at 
the transversely oriented (at about 45° to the diagonal) strain gauges also exhibited this 
trend. The stresses measured at the bulkhead plate of Rib 7 were similar but were handed. 
Consistent with the response of subfloor beams discussed earlier, the stresses measured in 
the bulkhead plates at SFB2a were larger than the stresses measured in the bulkhead 
plates at SFB1, as SFB1 was supported by the floor beam and therefore experienced less 
deformation under load. As noted earlier, the measured stresses at the uni-axial gauges 
were about 17° to the weld toe normal, however, due to the presence of fabrication 
related micro-discontinuities, the stress normal to the weld toe is primarily responsible 
for the fatigue crack growth along the toe. Therefore, the measured stresses were only 
useful for validation and/or calibration of FEA model. As discussed with respect to FEA 
results in section 3.11.3, the stresses normal to the weld toe adjacent to the subfloor beam 
cutout, which were oriented close to the diagonal tension/compression stress fields, or the 
principal stresses in the bulkhead plate, were large enough to cause fatigue cracking at 
the rib-to-bulkhead plate welded connection. Near the top edge of the bulkhead plate 
(opposite to the cutout), large stress concentrations occurred at the weld toes due to the 
diagonal tension fields. However, the diagonal stress fields formed an acute angle with 
the weld toe, indicating that the normal stresses would be of lesser magnitude, and a 
mixed mode (both modes I and II combined) crack propagation might occur. 
Due to the presence of high stress gradients, both in the directions normal and 
along the weld toe, the definition of nominal stress and assessment of the bulkhead plate-
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to-rib-to-subfloor beam cruciform-connections with respect to the AASHTO fatigue 
design provisions for these details could not be readily made. Nevertheless, in view of the 
8 mm (5/16 in) thick bulkhead plates and 6 mm (1/4 in) fillet welded connection between 
the bulkhead plate and the rib, a nominal fatigue resistance of 48.4 MPa (7.0 ksi) was 
estimated (Eq 6.6.1.2.5-4 in AASHTO), and fatigue cracking from the weld toe or the 
weld root was possible.  
The measured stress by the above strain gauges was generally linear elastic and 
agreed well with the FEA results. The strain gauges installed on the bulkhead plates were 
retained for entire duration of testing considering the vulnerability of the bulkhead plate-
to-rib connection and monitored during fatigue testing. 
5.3 Fatigue Test Results 
5.3.1 Slippage of Bolts 
Subsequent to the static test, fatigue testing of the deck specimen was initiated on 
February 12, 2009 During the regular inspection on March 12, 2009 an increase in the 
maximum stress was noted at the strain gauges installed on the soffit of the ribs 3 to 7 
(channels 217 to 225) to the north and south of SFB2a. At this time the deck had been 
subjected to 0.48×106 stress cycles. In order to verify the increase in measured stresses, a 
static test was conducted. This static test is identified as Static_031309 in Table 28 where 
the change in stresses at the strain gauges are tabulated.  
The prototype deck was thoroughly inspected, but no fatigue cracking was found. 
However, flaking of paint on the connection angle between SFB2a-to-SE-A was noted as 
shown in Figure 180. In addition, an angular streak of the masked part of the subfloor 
 117 
 
beam under the connection angle was visible, exposing the primed surface (Figure 180). 
The damage in the primed surface was observed only at this connection. It appeared that 
a slip occurred at the connections between the subfloor beam and the stringer extensions. 
All the bolted connections were designed as slip critical, and as such this slip should not 
have occurred if the bolts were adequately tightened. Subsequently all connections 
between the subfloor beam and the stringer extension were retightened using a calibrated 
impact wrench, and the rotations of the bolt heads were measured. These measurements 
are shown in Figures 181 to 184. The impact wrench was calibrated using a Skidmore-
Wilhelm tester (Model K), where 22 mm (7/8 in) bolts (the same size bolts were used at 
the connections) were torqued to 910 N-m (670 lb-ft) to produce a tension of 351.4 MPa 
(51 ksi) in the bolt. 
Out of the twenty bolts between the connection angles and SFB1, six bolts at SE-
A and the six bolts at SE-B were loose. The maximum rotation at these bolts was 60° 
(about 1/6 turn). Out of the twenty bolts at SFB2a-to-stringer extensions connections, 
sixteen were loose, which were quite significant. The maximum bolt rotation recorded 
during retightening was 50°. The bolts between the connection angles and the SE-A and 
SE-B, and the connection angles between the SE-A and SE-B and the stringers were also 
tightened. The measured rotations of the bolts are noted in Figures 183 and 184. These 
bolts were significantly loose and a maximum bolt rotation of 360° (full turn) was 
recorded. The fatigue testing was resumed after the bolts were tightened and a static test 
was conducted. This static test conducted on March 30, 2009, identified as 
Static_033009, shows that the stresses remained same as that of the stresses measured in 
Static_031309 (Table 28). 
 118 
 
5.3.2 Cracking of End Plate 
After the deck was tested to 0.58×106 cycles, a fatigue crack was found at the 
junction of the SE- A and the end plate on the north end (Figure 185) and the fatigue 
testing was interrupted. At the time of detection, the crack was about 76 mm (3 in) long 
on the end plate. It appeared that the crack initiated from the stringer extension-to-deck 
weld at the toe on the deck plate and propagated in the bottom plane of the deck plate 
along the stringer extension towards north (Figure 186). Once the crack reached the end 
plate, it grew through the thickness at the end plate-to-deck weld and propagated on two 
fronts and towards east and west through the end plate-to-deck weld. An angle stiffener 
was bolted to the west face of the stringer extension at the north end but not connected to 
the end plate. This stiffener was stopped short of the deck plate to continuously run the 
stringer extension-to-deck weld. As discussed earlier, the deck specimen was loaded over 
the portion in between the stringer extensions, with the loading pads under actuator #1 
aligned with the north edge of the deck. as shown in Figures 13 and 14. In load step 1, 
when actuators #1 and #2 were loaded to the maximum, the middle deck panel in 
between the stringers deformed significantly in the transverse directions under load, 
which introduced transverse deformation in the stringer extension. The end plates at the 
north and south ends of the deck were provided discontinuously on the middle and the 
side panels and a gap existed in the end plate adjacent to the stringer extension as shown 
in Figure 185. The transverse deformation of the deck at the north end was facilitated by 
this discontinuous end plate. As seen in Figure 71, the twisting of the stringer extension 
was restrained at the base where it was fastened to the stringer. Over the height of the 
stringer extension the transverse deformation of the stringer extension was limited by the 
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angle stiffener. This resulted in significant out-of-plane bending stresses at the weld toe 
in the web gap. Figure 71 shows the high stresses at this region in an enlarged view as 
obtained from FEA of the global model, where the welds were not included. Under cyclic 
loading during the fatigue test the high stress range precipitated fatigue cracking from the 
weld toe and caused the crack propagation as discussed earlier.  
To continue fatigue testing, this crack was retrofitted. A part of the deck, SE-A 
and the end plate was cutout from the prototype deck. The top view of the deck plate 
showing the dimensions of the cutout is shown in Figure 187. The end plates on either 
side of the gap and the web of SE-A were cut to a depth of 41 mm (15/8 in) from the top 
of the deck plate to remove the crack (Figures 187 and 188). The angle stiffener on the 
stringer extension web was also cut accordingly. The corners of the deck plate and the 
stringer extension were rounded to 25 mm (1 in) diameter. The corners were rounded to 
eliminate stress concentration, and possibility of cracks initiation at this cutout. The 
cutout in the deck plate was covered with a 13 mm (1/2 in) thick plate (Figure 189) that 
was bolted to the deck plate. The plate helped in reducing the stresses by making up for 
the deck plate that was lost in the retrofit, and reduced the possibility of fatigue cracking 
from the corners. A shorter stiffener angle, matching the cutouts, was bolted to the 
stringer extension and to the end plate to increase the web gap (soften the connection) 
where the fatigue crack originated. The stringer extensions were bolted to the end plate 
using shorter angles on the either side of the stringer extension that matched the cutout. 
Finally the end plates were made continuous across the gap by a 13 mm (1/2 in) thick 
splice plate that was bolted to the end plates. The spliced end plates, the bolted 
connections between the stringer extension stiffener and the end plate, and the enlarged 
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web gap in the stringer extension (by using a shorter stiffener) helped in reducing the out-
of-plane bending stress in the web gap and reduced the chance of further fatigue cracking 
at this location adjacent to the load pads.  
Subsequently, the similar connection at the SE-B was also investigated. However, 
no fatigue cracking was observed at this connection. To avoid any interruption to the 
fatigue testing due to cracking of this connection in future, the end plates were spliced 
using a 13 mm (1/2 in) thick plate and the end stiffener of SE-B was also bolted to the end 
plate similar to the retrofitted connection at SE-A. 
5.3.3 Cracking of SFB2a 
During regular inspection on June 11, 2009, a fatigue crack was discovered at the 
subfloor beam-to-rib weld at Rib 3 in SFB2a cutout transition on the east side (Figure 
190). At this time the deck had been subjected to 3.47×106 cycles. A dye-penetrant test 
revealed that the crack had initiated at the corner of the subfloor beam web at the subfloor 
beam-to-rib weld toe on the subfloor beam near the cutout weld transition. The crack had 
progressed about 13 mm (1/2 in) through the thickness of SFB2a and 10 mm (3/8 in) on the 
subfloor beam-to-rib weld (Figure 190). Dye-penetrant testing of similar welded 
connection to the west of Rib 7, which was subjected to similar stress fields (see 
discussion in Chapter 3 and Chapter 5 earlier) revealed a crack in the white three coat 
paint. Dye-penetrant testing conducted after the paint was ground out did not show any 
fatigue cracking in the base metal. The exposed surface of the crack as shown in Figure 
191, shows that the crack originated at the weld toe and propagated into the weld, which 
was normal to the weld toe. As shown in the figure, the crack did not propagate through 
the thickness of SFB2a when it was detected. 
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The welded connection in the vicinity of the above fatigue crack was subjected 
high stresses as was shown by the FEA results and measurements at the strain rosette 
near the cutout termination. As discussed earlier, the applied local stress range was 
significantly large to cause fatigue cracking at this detail. To mitigate the high stresses 
and to continue fatigue testing of other details in the deck, it was decided to modify the 
cutout geometry at Rib 3, including removal of the cracked weld. The modified cutout as 
proposed by designer if the deck is shown in Figure 192. This geometry, however, did not 
encompass the crack entirely. As such the east cutout retrofit was modified from the new 
design by raising the center of the cutout higher up the subfloor beam web to encompass 
the entire cutout as shown in Figure 192. The subfloor beam around this cutout was 
instrumented similar to the previous gauge layout. A static test was performed on August 
6, 2009 prior to resuming fatigue test. The test results are shown in Figure 193. Initially it 
was proposed to modify the east cutout only. To maintain symmetry, however the cutout 
on the west side of Rib 3 was also enlarged from 25 mm (1 in) to 38 mm (11/2 in) (Figure 
192). After the modification of the cutout on the west side of Rib 3, a static test was 
conducted on September 17, 2009 and the results are shown in Figure 194. 
5.3.4 Assessment of Cracking at Cutout in SFB2a 
As is evident from the FEA results (contour plots of maximum principal stress) 
shown in Figure 195, significant stress concentration and stress gradient existed at the 
cutout termination of the rib-to-subfloor beam connection to the east of Rib 3. Because of 
the high stress gradient and complex distribution of stresses, the principal stress 
directions changed rapidly at the cutout. The maximum principal stress direction at the 
cutout was almost tangential to the cutout and kept changing at every point on the cutout. 
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At the toe of the weld termination on the cutout, the principal stress direction was not 
normal to the weld toe, but made a significant angle of about (17 degrees). The possible 
mode of fatigue cracking along the weld toe is shown in Figure 196, although this mode 
of fatigue cracking was not observed during the fatigue test. Since fatigue cracking at the 
weld toe initiates from micro-discontinuities and grows along the weld toe, the mode of 
cracking is governed by the stress normal to it.  
The stresses at the rosette installed on the north face of SFB2a to the east of Rib3 
is shown in Table 22. The stress normal to the weld toe, measured by the rosette arm 
normal to the weld was 175 MPa (25.4 ksi). However, considering the high stress 
concentration and stress gradient around the cutout, it was not clear if this gauge 
measurement could be used directly to assess the fatigue performance of the welded 
connection. Accordingly, the fatigue performance of the subfloor beam-to-rib welded 
connection was evaluated considering the effects of local stress obtained from the FEA 
results.  
To consider the effect of local stresses that includes only the effect of the 
connection geometry without the weld toe notch effect, the local stress at the weld toe for 
fatigue evaluation was obtained by linear extrapolation of the stresses measured at two 
points at certain distances ahead of the weld toe. Estimation of local stress at the weld toe 
by extrapolation is recommended by several specifications around the world. Significant 
variation, however, exists among these recommendations. For the current assessment, 
IIW recommendations (International Institute of Welding, 2007) were used.  
According to this recommendation, the local stress was evaluated from two 
extrapolation points at 0.4t and t from weld toe, where t was the thickness of subfloor 
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beam web. Accordingly, two points, 0.4t or 6 mm (1/4 in) ahead of the weld toe and t or 
16 mm (5/8 in) ahead of the weld toe, were considered. These extrapolation points should 
be on a line normal to the weld toe. For the point of maximum principal stress at the toe 
of the weld termination on the cutout, however, the extrapolation points on a line normal 
to the weld toe fell outside of the subfloor beam (in the cutout opening). Accordingly, a 
path (Path-1) was taken normal to the weld toe, but tangential to the cutout; and as a 
result the extrapolated point on the weld toe was slightly above the weld termination at 
the cutout. Figure 197 presents stress profile obtained from the FEA results along the 
path. The local stress at the weld toe was then, linearly extrapolated from the two points 
on the profile at 0.4t and t ahead of the weld toe. The extrapolated local stress at the weld 
toe was 175.1 MPa (25.4 ksi). This stress agreed very well with the discrete measurement 
of stress by the arm of the strain gauge rosette normal to the weld toe. 
Another mode of cracking is shown in Figure 198, which was observed during the 
fatigue testing. The crack initiated at the weld toe and extended through the rib wall. To 
assess this fatigue cracking the stress normal to the crack plane, which was along the 
weld toe, was determined from FEA results as shown in Figure 199. This local stress at 
the crack plane was about 88.2 MPa (12.8 ksi), and can be considered as the local 
nominal stress for the cutout detail including stress concentration effects. 
The AASHTO Category C fatigue design curve in the finite life region was used 
for estimation of the fatigue life for fatigue cracking mode at the weld toe. The estimated 
life determined based on the local stress for the first mode cracking was 0.26×106 cycles 
(Figure 200). However, no fatigue cracking was observed for this mode. 
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It is not clear if the AASHTO Category C curve, which defines fatigue cracking 
from the weld toe, can be used for estimating fatigue life for the other mode of cracking, 
which initiating at the weld toe, progressed through the weld. The fatigue cracking was 
observed at this location after 3.47×106 cycles. This life when plotted in Figure 200 with 
respect to the local stress of 88.2 MPa (12.8 ksi) as determined above, against the fatigue 
design curves of AASHTO LRFD Bridge Design Specifications, indicated a fatigue 
resistance exceeding AASHTO Category B´. 
The AASHTO fatigue design curves were developed based on fatigue test results 
on full scale beam specimens under constant amplitude loading and represent 95% 
confidence on 95% probability of survival fatigue life. Due to inherent variability, welded 
connections are expected to exhibit scatter in their fatigue performance. The limited test 
data for the subject deck was inadequate to evaluate this scatter and draw any statistically 
significant conclusion. In that respect the fatigue test results from this study should be 
considered as indicative. The significant difference between the estimated life and the test 
result raises doubt regarding applicability of the local stress approaches for evaluating the 
fatigue performance of subfloor beam-to-rib welded connections. 
5.3.5 Cracking of Bulkhead Plate 
As discussed earlier, the static test conducted after retrofitting the cutout at Rib 3 
revealed significant change in stresses at the rosette to the west of Rib 7 cutout and at the 
bulkhead gauges. A closer inspection of the data from the intermittent static test 
performed at 3.05×106 load cycles on June 1, 2009 just prior to finding the SFB2a crack 
also showed significant change in stresses at the same gauge from the previous static test 
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performed, however, no fatigue cracking or other change in the state of the deck could be 
found. 
The changes in stresses recorded in during the static tests by the strain gauges 
installed on SFB2a are presented in Figures 201 to 203. At Rib 3, significant change in 
stress range was noted only at the strain gauge channel 11 (Figure 201) in the static test 
conducted at 3.05×106 cycles. Figures 202 and 203, show that at Rib 7 significant 
changes were noted in the maximum principal stress recorded by the rosettes on SFB2a at 
west of Rib 7 cutout and in the stresses recorded by the uni-axial gauges (channels 316 to 
319) on both (north and south) faces. These changes were noted during the static test 
conducted at 3.05×106 cycles. In addition, change in stress was noted at the bulkhead 
gauge channel 18.  
The change (drop) in stresses was observer only at the gauges on the diagonal 
tension field (Figure 202) suggesting that the continuity of the stress path was interrupted. 
The strain gauge on the bulkhead plate close to the cutout in the subfloor beam on the 
west side of Rib 7 (channel 21) had gone bad and no useful data was obtained from this 
gauge. The stress measured by rosette on the west side of Rib 7 at the cutout has 
decreased. Since the bulkhead plate was not accessible for routine inspections and no 
other fatigue crack was found in the deck, fatigue cracks at the bulkhead plate-to-rib 
connections in the vicinity of the strain gauges were suspected. The suspected cracks are 
shown in Figures 201 to 203. 
The length of the crack could have increased considerably sometime between 
2.08×106 and 3.05×106 load cycles. The paint at the cutout in SFB2a at west and east of 
Rib 7 was ground because the paint on the cutout cracked. It seemed that the paint 
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cracked because of cracking of the cutout under the paint. After removing the paint, the 
cutouts in SFB2a at Rib 7 were inspected for cracks but none were found. Since the 
principal stress on SFB2a at the west of Rib 7 decreased drastically, it was suspected that 
the transfer of shear to the stringer extension has been interrupted. So, it was suspected 
that the bulkhead plate-to-rib wall weld of the bulkhead plate in Rib 7 at SFB2a had 
cracked.  
To verify the existence of these internal fatigue cracks, 25 mm (1 in) diameter 
holes were drilled on the west and east rib walls of ribs 7 and 3 respectively (Figure 204) 
both on the north and south sides of SFB2a, for inspection by a bore-scope Two cracks, 
through the throats of the rib-to-bulkhead plate fillet welds were found as suspected both 
in ribs 3 and 7. One of the cracks occurred adjacent to the cutout in subfloor beam. The 
other crack was occurred at the diagonally opposite corner near the top edge of the 
bulkhead plate. These cracks were noted on both faces of the bulkhead plates, suggesting 
that the cracks had initiated from LOF between the bulkhead plate-to-rib fillet weld.  
The fatigue cracking of the bulkhead plate-to-rib welds explained the change in 
stresses observed at the subfloor beam gauges at Rib 7. As the cracks grew, the stresses 
deviated around the fatigue cracks, changing the inclination of the diagonal tension field 
and reducing the stresses at the subfloor beam cutout. As discussed later, the bulkhead 
plate-to-rib connection in Rib 7 probably cracked early in the fatigue testing, which acted 
as a stress reliever for the subfloor beam-to-rib connection and prevented fatigue cracking 
at this detail. Thus it was realized that the strain gauges at the modified subfloor beam 
cutout of Rib 3 would not measure the actual stresses at this connection and further 
fatigue testing of the deck would not provide useful information for SFB2a-to-rib 
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connections at ribs 3 and 7. It was also realized that a redesign of the subfloor beams 
including the internal bulkhead plates would be necessary. Nevertheless, it was decided 
to continue fatigue testing of the prototype deck until the 5×106 cycles, which was 
originally targeted, to produce data for the other critical details such as the rib-to-deck 
welds. However, to monitor the fatigue crack growth at the bulkhead plate-to-rib 
connections by monitoring the change in stresses at the subfloor beam gauges adjacent to 
the cutouts at ribs 3 and 7, it was decided to conduct daily static testing of the prototype 
deck. The fatigue test was resumed on September 25, 2009 and completed on November 
1, 2009 without any other cracking of the prototype deck details.  
5.3.6 Post-mortem Studies 
After the fatigue test was completed, SFB2a was out of the prototype deck and the 
bulkhead plates in ribs 3 and 7 were exposed for assessment. Figures 205 and 206 show 
the fatigue cracks on the bulkhead plate-to-rib weld in Rib 3 on the north and south faces 
respectively. The cracks are identified by the darker dye against the lighter background of 
the developer. For the bulkhead plate in Rib 3, the cracks were found at both locations 
both on the north and the south faces of the bulkhead plate. Figures 207 and 208 show the 
fatigue cracks on the bulkhead plate-to-rib weld in Rib 7 on the north and south faces 
respectively. For the bulkhead plate in Rib 7, only the crack adjacent to the subfloor 
beam cutout was noted on both faces of the bulkhead plate, whereas the crack near the 
top edge of the bulkhead plate was only noted on the north face. The cracks at the cutout 
locations were found to be about 76 mm (3 in) long in Rib 3 and 88 mm (31/2 in) long in 
Rib 7. Figure 209 shows the end view of the bulkhead plate-to-rib connection at the 
cutout location, when a section was cut through the bulkhead plate in Rib 7. It can be 
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seen that the crack had originated from the weld root and propagated through the weld 
throat. The bulkhead plate was fillet welded to the rib wall that resulted in the un-fused 
root, called lack of fusion (LOF), which is expected at any fillet welded connection. 
Figure 209 shows the exposed mating fracture surfaces, showing the base metal of the 
bulkhead plate that was not wet during welding giving rise to the un-fused root. This LOF 
acted as an initial crack present in the welded connection, which precipitated fatigue 
crack growth and early fatigue cracking of this connection when subjected to the high 
tensile stresses. The cracking of the weld of the bulkhead plate in Rib 3 was very similar 
to the cracking of bulkhead plate in Rib 7. 
5.3.7 Assessment of Fatigue Resistance of Bulkhead Plate-to-Rib Weld 
The bulkhead plate was welded to one side of the rib wall and the sub floor beam 
was welded to the other side, resulting in a cruciform connection as shown in Figure 209. 
This connection was formed by fillet welds and was subjected to loaded primarily 
through the discontinuous member, creating possibilities of fatigue cracking through the 
weld root and weld toe. The fatigue resistance of this connection is provided by the 
AASHTO LRFD Bridge Design Specification as (SI units) 
∆F  ∆F  	
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where ∆F   = nominal fatigue resistance range for the AASHTO detail Category 
C (69 MPa). Each term in the equation is shown in Figure 210, where 
 2a = lack of penetration (mm) 
H = leg size of fillet weld (mm) 
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 tp = thickness of the loaded plate (mm) 
In the above equation, the expression within the parenthesis is the reduction factor 
(R) that is limited to a maximum value of 1 and reduces the fatigue resistance of the 
cruciform connection below that of category C depending on the LOF. When the fatigue 
crack at the connection initiates from the weld root and propagates through the throat. 
∆F  ∆F   i.e. R < 1, For fatigue crack growth initiating at the weld toe ∆F 
∆F   i.e. R = 1), As shown in Figure 210, for the subject detail it may be assumed that 
2a/tp=1 i.e., there was no penetration for the fillet welded connection and the LOF was 
equal to the thickness of the plate. Substituting the values into the above equation the 
fatigue resistance of the connection was obtained as  
 
∆F  0.7  ∆F    (2) 
The cracking of the bulkhead plate-to-rib weld as shown in Figure 209 occurred 
through the throat of the weld. Since the CAFL for the Category C detail is 68.9 MPa (10 
ksi), the nominal fatigue resistance for this connection was 48.4 MPa (7.0 ksi). However, 
the applied nominal stress range at the detail was not readily available. As presented in 
Chapter 3 and discussed earlier, the cutout in the subfloor beam gave rise to the diagonal 
tension field under shear loading and magnified the stresses in the bulkhead plate near the 
cutout. Due to these complexities involved, the nominal stress at this detail could not be 
easily computed. A rational assessment of the fatigue performance of the detail is 
presented in the following based on the FEA results. 
In Chapter 3, the variation of principal stress on the mid surface of the bulkhead 
plate at the weld toe was discussed. The stress was determined at the mid surface to 
eliminate the effects of the weld toe notch, which are implicitly included in the fatigue 
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design curves. This also removed the effect of any through thickness bending of the 
bulkhead plate, which was negligible as demonstrated in Figure 105, Thus, the mid 
surface stress only captured the magnification effect of the cutout in the subfloor beam. 
The principal stress was the maximum at 165 mm (61/2 in) below the top edge of the 
bulkhead plate. This principal stress at the mid-surface of the bulkhead plate at the 
bulkhead plate-to-rib weld was 70.3 MPa (10.2 ksi). The angle between the principal 
stress and the normal to the weld toe was 4°. It was assumed that the cracking initiated at 
the location of the largest maximum principal stress. This magnified stress exceeded the 
infinite life fatigue resistance, and therefore finite fatigue life of the detail (or fatigue 
cracking) was expected.  
The AASHTO Category C with reduction in the finite life region as indicated by 
equation (2), was used for the estimation of the fatigue life against cracking at the root of 
the bulkhead plate-to-rib weld. In Figure 211 the performance of the bulkhead plate-to-
rib weld detail is compared against the AASHTO fatigue design curves. The estimated 
fatigue life for a stress range of 70.3 MPa (10.2 ksi) is 1.52×106 cycles. As discussed, the 
change in stresses at the subfloor beam cutout gauges was noticed at about 3.05×106 
cycles. Thus, the fatigue life estimate of about 1.5×106 cycles is reasonable. In view of 
the large LOF at the fillet-welded bulkhead plate-to-rib weld and the large stress 
concentration at the subfloor beam cutout, fatigue crack growth from the weld root 
initiated as soon as the test started and the crack probably broke through the weld throat 
at about 1.5×106 cycles. This crack growth was pronounced between about 2×106 and 
3×106 cycles. 
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6 CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
This study investigated the fatigue performance of the replacement steel 
orthotropic deck for a signature bridge by full scale prototype testing, where the global 
boundary conditions including the supporting floor framing was simulated. To 
accommodate the limitations on vertical clearance, the deck consisted of relatively 
shallow closed trapezoidal ribs and sub-floor beams. The deck was designed integral with 
the floor system and the stiffening truss, making the subfloor beams load bearing in the 
transverse direction. Cutouts were provided in the sub-floor beams at the rib intersections 
for the pass through ribs and the ribs were provided with full depth internal bulkheads at 
the sub-floor beam intersections. One of the primary reasons for selecting an orthotropic 
deck was to provide a 75 years service life under site specific loading with minimum 
maintenance. 
The deck was static and fatigue tested simulating the passage of the tandem axle 
of an AASHTO fatigue truck. Initially a test truck representing a tandem axle was rolled 
across the deck at a slow speed in eight transverse positions to determine response of the 
deck under moving load and to determine the most critical position for the fatigue test.   
Accordingly, six stationary hydraulic actuators were positioned centrally in the transverse 
direction of the deck and were loaded in paired sequence to conduct static and fatigue 
tests that simulated passage of the tandem axle of an AASHTO fatigue truck. The deck 
was tested at a load level equivalent to 3.45×HS15 including impact for 5×106 cycles. In 
addition, 3D FEA of the prototype deck was conducted simulating the crawl and the 
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static/fatigue tests to assess the behavior and response characteristics of the deck and to 
assess the fatigue performance of the critical details. The deck was instrumented 
extensively at various critical locations to evaluate the deck response and calibrate the FE 
models. Overall, the test results were in good agreement with the FEA results.  
The study demonstrated that the response of the orthotropic deck was 
characterized by global longitudinal and transverse flexure of the entire deck, and 
significant local distortion under the wheel loads. The deformations and high stresses 
were concentrated under the load patches and decreased rapidly away from the load 
patches. The load bearing subfloor beams experienced significant stress concentrations at 
the rib-to-subfloor beam cutouts. High stress concentrations were also found in the 
bulkhead plates at the cutouts and at the opposite corner near the top. These stresses were 
mostly in plane and the out-of-plane component was negligible.  
The ribs were welded to the deck using 80% partial joint penetration weld and 
were inspected using Ultrasonic phased array system during fabrication. This detail was 
subjected to a stress range of 54.4 MPa (7.9 ksi). No fatigue cracking was detected at this 
detail after 5×106 cycles.  
The subfloor beams were welded to the ribs using complete joint penetration weld 
at the cutout for 102 mm (4 in), transitioning to a partial joint penetration weld above it. 
The stresses at the subfloor beam cutouts were extremely high and had the potential to 
develop fatigue cracking. On SFB2a, a fatigue crack was found to the east side of Rib 3 
after completing about 3.47×106 load cycles. The crack had initiated at the corner of the 
subfloor beam web at the subfloor beam-to-rib weld toe near the cutout weld transition. 
The weld progressed through the thickness of SFB2a and to the rib-to-subfloor beam 
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weld. When plotted against the local stress obtained from FEA, this detail exhibited a 
fatigue resistance of Category B´.  
The presence of the cutout in the subfloor beam caused high stress concentration 
in the bulkhead plate. Fatigue cracks were found at the bulkhead plates in ribs 3 and 7 at 
SFB2a. Each of the bulkhead plates had two cracks at the rib-to-bulkhead plate weld. The 
cracks were found at the location close to the cutout in SFB2a and the other crack was 
found at diagonally opposite to the crack at the cutout. Since the bulkhead plates were 
attached to the ribs by back-to-back fillet welds, the crack originated at the un-fused root 
of the weld and propagated through the throat of the weld. It was evident that the 
bulkhead cracking occurred early during the fatigue testing, which was not detected as 
the bulkhead plates could not be inspected. Presence of these cracks were noted when 
change in stresses were observed at the subfloor beam gauges influenced by these cracks. 
By the time the test was completed, the length of the crack at the cutout location was 76 
mm (3 in) long and 88 mm (31/2 in) long in the ribs 3 and 7 respectively.  
The cracking of the bulkhead plates deviated the tension field around the crack 
and reduced the stress concentration at the subfloor beam cutout, which prevented fatigue 
cracking of the subfloor beam-to-rib weld.  
The local stress method was inadequate in determining fatigue performance of the 
orthotropic deck. 
6.2 Recommendations 
Based on the findings from the testing of the prototype orthotropic deck the 
following recommendations are made to optimize the design and fabrication to improve 
the performance of deck. 
 134 
 
The stresses at the subfloor beam cutout should be reduced below 83 MPa (12 
ksi), the fatigue limit of AASHTO Category C, to prevent fatigue crack growth from the 
toe of the rib-to-subfloor beam weld and provide infinite life of the deck. This can be 
achieved by modifying the cutout geometry, and/or increasing the thickness of the 
subfloor beam web, and/or reducing the spacing of the subfloor beam. The fatigue 
resistance of the full-penetration groove-welded cruciform-connection is defined as 
Category C. 
The bulkhead plate-to-rib weld should be at least a partial penetration groove 
weld, to ensure adequate fusion at the weld root and to improve the fatigue resistance for 
the cruciform connection. In addition, the thickness of the plate should be increased to 
reduce the maximum stress in the bulkhead plate below the fatigue limit of the bulkhead 
plate-to-rib weld. 
Fatigue testing of the refurbished deck, incorporating these design changes, 
should be conducted to ensure a 75 years design life or infinite life performance. 
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TABLES 
 
Table 1 Weight Measurement of the Test Truck 
Items 
Weight Measured by Each Scale (kN)  Total 
Weight 
(kN) 
Front 
Left 
Front 
Right 
Rear  
Left 
Rear 
Right 
Truck 16.5 14.5 14.5 17.3 62.7 
Truck + 1 Billet 24.0 30.2 21.8 33.8 109.8 
Truck + 2 
Billets 
39.8 37.1 37.8 41.8 156.6 
Truck + 3 
Billets 
53.6 44.0 50.9 48.5 197.1 
Truck + 4 
Billets 
57.8 59.8 58.7 62.5 238.9 
Truck + 5 
Billets 
65.4 71.6 70.5 71.2 278.7 
 
 
Table 2 Summary of Crawl Test 
Position 
Forward Roll  Reverse Roll 
Time 
(sec) 
Speed 
(km/h) 
 Time 
(sec) 
Speed 
(km/h) 
1 407 0.06 
 
391 0.06 
2 415 0.06 
 
402 0.06 
3 385 0.06 
 
400 0.06 
4 415 0.06 
 
405 0.06 
5 
  
415 0.06 
 
395 0.06 
6 
 
405 0.06 
 
392 0.06 
7 
 
411 0.06 
 
400 0.06 
8 
 
407 0.06 
 
379 0.06 
a.
 Distance travelled by the truck is 6.8 m 
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Table 3 Loading Protocol for the Static and the Fatigue Test 
Load 
Step 
Actuator # 
Load Control (kN) 
Displacement Control 
(mm) 
1 2 3 4 5 6 7 8 9 
0 13.4 13.4 13.4 13.4 13.4 13.4 0.0 0.0 0.0 
1 197.5 197.5 13.4 13.4 13.4 13.4 0.0 1.7 3.1 
2 13.4 197.5 197.5 13.4 13.4 13.4 1.8 2.2 3.0 
3 13.4 13.4 13.4 197.5 197.5 13.4 3.1 3.3 2.8 
4 
  13.4 13.4 13.4 13.4 197.5 197.5   3.7 3.9 2.7 
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Table 4 Prescribed Displacements at the Under Deck Actuator Locations 
Displacements for Load Steps (mm) 
Actuator at LS-1 LS-2 LS-3 LS-4 
Stringer A 0.0 1.8 3.1 3.7 
Stringer B 1.7 2.2 3.3 3.9 
Floor beam 3.1 3.0 2.8 2.7 
a
 SI units of measurement used 
 
Table 5 Reactions at the Under Deck Actuator Boundary-West End of the Floor 
Beam Assumed Fixed 
Load Steps 
LS-1 LS-4 
 Reaction (kN) .   Reaction (kN) 
Actuator at 
Vertical 
displ.  
Static 
test  
FE 
model 
Vertical 
displ  
Static 
test  
FE 
model 
Stringer A 0.0  6.7  3.7 3.7  79.6  79.2 
Stringer B 1.7  5.1  -0.7 3.9  103.6  99.4 
Floor 
beam 
  3.1  149.4  91.7   2.7  69.1  19.9 
a
 SI units of measurement used 
 
Table 6 Reactions at the Under Deck Actuator Boundary-Assigned a Rotational 
Spring to the West End of the Floor Beam  
Load Steps 
    LS-1   LS-4 
  Reaction (kN) .   Reaction (kN) 
Actuator at   
Vertical 
displ.   
Static 
test   
FE 
model 
Vertical 
displ   
Static 
test   
FE 
model 
Stringer A 0.0 6.7 1.9 3.7 79.6 80.4 
Stringer B 1.7 5.1 0.7 3.9 103.6 99.4 
Floor 
beam 
  3.1 149.4 149.2 2.7 69.1 67.4 
a
 SI units of measurement used 
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Table 7 Normal Stress in West Rib Wall of Rib 7 for Different Crawl Test Positions 
    Crawl test positions # 
1 2 3 4 5 6 7 8 
CH 
ID   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min 
27 2.8 -6.3 3.4 -34.1 2.1 -14.6 13.9 -9.6 13.2 -4.8 20.7 -3.2 10.7 -2.7 5.0 -1.3 
366 10.3 -1.1 19.4 -2.1 8.8 -15.9 1.4 -27.4 3.0 -18.3 4.2 -31.3 3.5 -10.8 1.9 -4.3 
358 3.4 -1.5 22.1 -23.4 8.4 -17.9 44.8 -3.1 17.3 -3.7 31.1 -5.8 13.4 -4.9 4.9 -2.6 
367  3.0 -1.3   15.1 -29.7   17.3 -17.2   5.6 -54.4   3.0 -23.5   4.7 -26.7   3.9 -13.2   2.4 -4.9 
 
 
Table 8 Normal Stress in East Rib Wall of Rib 7 for Different Crawl Test Positions 
    Crawl test positions # 
1 2 3 4 5 6 7 8 
CH 
ID   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min 
26 4.7 -4.7 5.1 -37.0 5.1 -29.5 5.2 -31.2 4.2 -18.3 2.8 -7.4 2.0 -3.2 1.4 -2.1 
364 9.7 -21.2 34.9 -3.9 33.7 -4.2 30.1 -4.0 22.6 -3.4 12.0 -2.3 5.9 -1.2 4.6 -0.7 
356 12.7 -14.1 41.0 -18.2 21.2 -16.1 25.3 -13.0 4.5 -9.3 3.8 -8.2 2.2 -5.5 1.7 -3.3 
365  19.4 -2.7 23.5 -22.6 21.0 -6.4 16.4 -19.5 11.7 -5.3 8.9 -4.3 5.3 -2.6 3.0 -2.0 
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Table 9 Comparison of Bending and Axial Stress on Rib 7 in the Load Cases 5, 6 and 7 
    West rib wall   East rib wall 
27 366 Axial stress 
Bending 
stress 26 364 Axial stress 
Bending 
stress 
Load 
case   FEA Test   FEA Test   FEA Test   FEA Test   FEA Test   FEA Test   FEA Test   FEA Test 
5 -40.0 -15.0 11.7 -7.9 -14.1 -11.4 -1.2 -3.5 -45.0 -27.2 24.8 8.4 -10.1 -9.4 -34.9 -17.8
6 -42.8 -7.7 16.5 -19.2 -13.1 -13.5 1.7 5.8 -49.4 -29.1 33.1 32.1 -8.1 1.5 -41.2 -30.6
7 -3.8 -2.9 4.2 3.8 0.2 0.4 2.2 -3.4 -3.1 -3.9 4.2 5.9 0.2 1.0 -4.0 -4.9
6-7 -38.9 -4.7 12.4 -23.0 -13.3 -13.9 -0.5 9.1 -46.3 -25.2 28.9 26.2 -8.3 0.5 -37.2 -25.7
5-(6-7) -1.1 -10.2 -0.6 15.1 -0.9 2.5 -0.7 -12.6 1.3 -2.0 -4.1 -17.8 -1.8 -9.9 2.3 7.9
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Table 10 Principal Stress in SFB1 at Rib 3 for the Different Crawl Test Positions 
      Crawl test positions # 
Location 1 2 3 4 5 6 7 8 
Side Face   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min 
East North 42.3 3.3 48.5 0.7 49.9 3.2 54.8 2.9 58.3 2.7 59.2 3.1 43.4 3.0 28.0 2.6 
South 50.9 4.6 57.9 0.9 58.7 3.7 59.8 0.5 60.4 3.4 58.7 3.5 43.3 3.2 29.0 3.1 
West North 0.8 -34.1 0.9 -42.0 1.0 -46.2 0.5 -61.4 0.6 -54.3 0.6 -51.5 1.1 -32.2 1.3 -22.1 
South  0.3 -37.6 0.9 -48.1 0.3 -52.5 0.5 -61.4 0.6 -66.3 0.3 -69.1 0.7 -55.1 0.9 -30.4 
 
 
Table 11 Principal Stress in SFB1 at Rib 7 for the Different Crawl Test Positions 
      Crawl test positions # 
Location 1 2 3 4 5 6 7 8 
Side Face   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min 
East North 8.9 -14.6 8.9 -33.6 8.9 -43.9 8.5 -50.7 9.2 -48.0 8.9 -43.7 8.5 -34.0 8.1 -25.9 
South 6.3 -24.7 18.1 -46.9 6.6 -53.9 6.5 -55.7 6.6 -53.7 6.5 -47.6 5.8 -35.6 5.6 -27.4 
West North 16.9 -5.7 32.3 -5.0 45.5 -5.8 50.6 -5.9 52.1 -5.9 47.6 -5.5 41.4 -5.1 35.5 -4.3 
South   9.0 -9.5 31.3 -15.8 40.0 -7.3 46.2 -7.0 47.9 -7.9 45.0 -7.5 42.2 -7.1 36.3 -6.4 
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Table 12 Principal Stress in SFB2a at Rib 3 for the Different Crawl Test Positions 
      Crawl test positions # 
Location 1 2 3 4 5 6 7 8 
Side Face   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min 
East North 61.1 5.9 74.9 7.4 77.9 7.7 88.3 10.2 93.4 10.4 92.2 7.9 72.3 5.0 48.9 4.3 
South 66.2 7.2 84.8 9.2 86.5 9.5 96.6 12.3 99.1 13.9 99.1 11.9 70.9 7.3 52.6 4.6 
West North -5.6 -49.7 -7.6 -67.2 -8.1 -73.2 -10.3 -89.7 -11.7 -98.4 -9.7 -98.3 0.7 -71.3 -2.5 -40.8 
South  -5.6 -52.8   -8.0 -70.3   -8.2 -77.3   -11.2 -93.7   -11.4 -102.2   -9.2 -103.9   -1.6 -80.8   -3.0 -46.2 
 
 
Table 13 Principal Stress in SFB2a at Rib 7 for the Different Crawl Test Positions 
      Crawl test positions # 
Location 1 2 3 4 5 6 7 8 
Side Face   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min 
East North 8.2 -32.5 1.1 -64.6 -4.8 -73.8 -7.5 -79.5 -8.3 -77.4 -6.7 -69.8 -4.6 -52.2 -2.9 -36.4 
South 6.9 -38.1 -1.5 -71.7 -6.3 -84.1 -8.3 -92.5 -8.0 -90.5 -7.0 -81.3 -4.7 -60.1 -2.9 -42.1 
West North 43.0 2.8 67.6 5.7 77.4 6.3 88.6 9.1 91.4 9.0 87.9 8.4 76.9 6.5 58.0 4.3 
South   48.9 3.9   89.8 8.3   103.5 8.3   112.3 11.2   115.1 13.8   110.0 11.0   89.5 7.3   68.9 5.0 
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Table 14 Normal Stress in Bulkhead Plate in Rib 3 at SFB2a for Different Crawl Test Positions 
    Crawl test positions # 
1 2 3 4 5 6 7 8 
CH 
ID   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min 
10 -4.1 -26.3 -6.7 -34.4 -7.2 -37.0 -8.6 -42.1 -9.0 -44.5 -8.6 -43.8 -5.7 -30.8 -4.5 -22.2 
11 35.9 11.4 41.7 11.5 44.1 11.3 49.3 13.1 51.2 13.9 47.0 10.7 36.4 11.2 29.2 8.4 
12 9.3 3.9 9.7 3.8 9.7 3.3 11.8 4.3 13.1 4.3 14.3 3.8 11.6 2.3 7.1 1.8 
13 0.3 -3.0   -0.9 -5.6   -1.4 -6.9   -1.2 -8.2   -1.3 -8.8   -1.6 -8.1   -0.6 -3.7   -0.5 -2.6 
 
 
Table 15 Normal Stress in Bulkhead Plate in Rib 7 at SFB2a for Different Crawl Test Positions 
    Crawl test positions # 
1 2 3 4 5 6 7 8 
CH 
ID   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min   Max Min 
18 22.4 5.9 37.6 8.8 42.3 8.9 48.0 10.5 50.0 10.6 47.4 10.1 39.0 7.5 30.0 5.6 
19 -3.1 -21.1 -7.5 -36.9 -8.2 -43.4 -8.5 -48.0 -9.7 -50.3 -10.1 -48.3 -8.0 -39.5 -4.3 -28.9 
20 2.1 -0.4 -0.3 -6.1 -1.2 -10.3 -1.7 -13.1 -2.8 -14.8 -2.6 -14.3 -2.0 -10.1 -0.8 -6.0 
21  -10.0 -108.9   27.1 10.2   43.1 -54.2   39.2 18.3   47.9 26.2   -6.1 -22.7   38.5 23.9   24.4 6.9 
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Table 16 Principal Stress in SFB1 to the West of Rib 3 
  
Measurements 
(MPa) 
Computed Principal Stresses and 
Directions 
Face CH Stress   
Maximum 
σp 
(MPa) 
Minimum 
σq 
(MPa) 
Direction 
φ 
(degrees) 
 
Looking North 
(Channels in Parenthesis on North Face) 
North 60 -42.1  -47.9 -113.5 0  
 
61 -77.2   
62 -113.3   
South 63 -43.5  -43.4 -107.5 9.4  
64 -73.5   
65 -107.4    
Note: Compressive stresses are negative.  
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Table 17 Principal Stress in SFB1 to the East of Rib 3 
  
Measurements 
(MPa) 
Computed Principal Stresses and 
Directions 
Face CH Stress   
Maximum 
σp 
(MPa) 
Minimum 
σq 
(MPa) 
Direction 
φ 
(degrees) 
 
Looking North 
(Channels in Parenthesis on North Face) 
North 54 43.8  82.9 42.1 -1.4  
 
55 70.9   
56 81.2   
South 57 53.1  105.9 51.8 -10.8  
58 87.4   
59 104.6    
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Table 18 Principal Stress in SFB1 to the West of Rib 7 
  
Measurements 
(MPa) 
Computed Principal Stresses and 
Directions 
Face CH Stress   
Maximum 
σp 
(MPa) 
Minimum 
σq 
(MPa) 
Direction 
φ 
(degrees) 
 
Looking North 
(Channels in Parenthesis on North Face) 
North 84 44.8  83.2 42.1 -3.3  
 
85 72.7   
86 80.6   
South 87 43.9  89.7 43.7 -14.4  
88 70.3   
89 89.4    
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Table 19 Principal Stress in SFB1 to the East of Rib 7 
  
Measurements 
(MPa) 
Computed Principal Stresses and 
Directions 
Face CH Stress   
Maximum 
σp 
(MPa) 
Minimum 
σq 
(MPa) 
Direction 
φ 
(degrees) 
 
Looking North 
(Channels in Parenthesis on North Face) 
North 78 -44.3  -44.3 -105.3 1.6  
 
79 -74.2   
80 -105.2   
South 81 -42.1  -41.8 -85.2 6.6  
82 -66.9   
83 -84.9    
Note: Compressive stresses are negative.  
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Table 20 Principal stress in SFB2a on the North Face and to the West of Rib 3 
Measurements 
(MPa) 
Computed Principal Stresses and 
Directions 
Item 72 73 74 
Maximum 
σp 
(MPa) 
Minimum 
σq 
(MPa) 
Direction 
φ 
(degrees) 
 
Looking South 
Static Test -66.9 -108.4 -171.4  -65.8 -172.5 4.1  
 
FEA -42.6 -114.2 -121.1  -44.6 -116.9 2.1  
Note: Compressive stresses are negative.  
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Table 21 Principal stress in SFB2a on the South Face and to the West of Rib 3 
Measurements 
(MPa) 
Computed Principal Stresses and 
Directions 
Item 75 76 77 
Maximum 
σp 
(MPa) 
Minimum 
σq 
(MPa) 
Direction 
φ 
(degrees) 
 
Looking North 
Static Test -71.4 -110.3 -167.6  -70.5 -168.5 7.4  
 
FEA -45.8 -126.8 -142.3  -45.3 -143.2 6.5  
Note: Compressive stresses are negative.  
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Table 22 Principal stress in SFB2a on the North Face and to the East of Rib 3 
Measurements 
(MPa) 
Computed Principal Stresses and 
Directions 
Item 66 67 68 
Maximum 
σp 
(MPa) 
Minimum 
σq 
(MPa) 
Direction 
φ 
(degrees) 
 
Looking South 
Static Test 67.6 114.6 150.5  150.8 67.3 0.1  
 
FEA 69.7 182.7 183.1   168.6 60.4 5.4  
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Table 23 Principal stress in SFB2a on the South Face and to the East of Rib 3 
Measurements 
(MPa) 
Computed Principal Stresses and 
Directions 
Item 69 70 71 
Maximum 
σp 
(MPa) 
Minimum 
σq 
(MPa) 
Direction 
φ 
(degrees) 
 
Looking North 
Static Test 87.6 139.4 175.1  175.8.0 86.8 7.3  
 
FEA 66.4 138.7 159.8   170.2 62.5 2.5  
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Table 24 Principal Stress in SFB2a to the West of Rib 7 
  
Measurements 
(MPa) 
Computed Principal Stresses and 
Directions 
Face CH Stress   
Maximum 
σp 
(MPa) 
Minimum 
σq 
(MPa) 
Direction 
φ 
(degrees) 
 
Looking North 
(Channels in Parenthesis on North Face) 
North 96 66.6  142.3 65.7 -1.4  
 
97 110.2   
98 141.8   
South 99 73.2  178.9 72.8 -6.25  
100 132.2   
101 178.5    
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Table 25 Principal Stress in SFB2a to the East of Rib 7 
  
Measurements 
(MPa) 
Computed Principal Stresses and 
Directions 
Face CH Stress   
Maximum 
σp 
(MPa) 
Minimum 
σq 
(MPa) 
Direction 
φ 
(degrees) 
 
Looking North 
(Channels in Parenthesis on North Face) 
North 90 -46.9  -46.3 -132.8 2.6  
 
91 -82.0   
92 -132.1   
South 93 -51.8  -51.5 -139.4 5.4  
94 -90.4   
95 -139.1    
Note: Compressive stresses are negative.  
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Table 26 Principal Stress in SFB2a Below Rib 3 
Measurements 
(MPa) 
Computed Principal Stresses and 
Directions 
Item 381 382 383 
Maximum 
σp 
(MPa) 
Minimum 
σq 
(MPa) 
Direction 
φ 
(degrees) 
 
Looking North 
Static Test 45.7 -1.1 30.8  78.2 -1.7 -40  
 
FEA 76.5 1.1 39.9  115.8 0 -38  
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Table 27 Principal Stress in SFB2a Below Rib 7 
Measurements 
(MPa) 
Computed Principal Stresses and 
Directions 
Item 384 385 386 
Maximum 
σp 
(MPa) 
Minimum 
σq 
(MPa) 
Direction 
φ 
(degrees) 
 
Looking North 
Static Test 61.8 5.8 35.6  93.6 3.8 37  
 
FEA 82.4 0.8 44.3  125.4 0 42  
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Table 28 Stress Measured in the Static Test Before and After the Bolt Slip 
Static Test 
Static_012909 
 
Static_031309 
 
Static_033009 
Strain 
Gauge 
ID   
Maximum 
(Mpa) 
Minimum 
(Mpa) 
  
Maximum 
(Mpa) 
Minimum 
(Mpa) 
  
Maximum 
(Mpa) 
Minimum 
(Mpa) 
222 17.9 -3.5 17.4 -6.4 17.7 -0.3 
223 17.2 -1.5 15.9 -2.2 16.6 -1.8 
217 27.4 -5.3 27.0 -6.9 28.7 0.7 
218 27.0 -2.3 24.9 -2.0 27.1 -1.2 
219 11.5 -7.9 12.1 -8.9 12.2 -4.5 
220 26.0 -5.6 26.3 -4.5 28.5 0.5 
221 24.6 -2.1 24.3 -2.1 25.5 -1.3 
224 16.9 -3.0 16.0 -2.5 18.0 0.5 
225   17.6 -1.5 15.5 -1.6 17.4 -1.1 
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FIGURES 
 
 
Figure 1 The signature bridge 
 
 
  
 
157
 
 
Figure 2 Existing section of the bridge 
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a) 
 
b) 
Figure 3 Common modes of cracking in orthotropic deck
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Figure 4 Typical cross section of the bridge showing the upper level deck 
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Figure 5 Part framing plan of the upper level deck 
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Figure 6 Plan of prototype deck 
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Figure 7 Section A-A (Refer: Figure 6) 
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Figure 8 Typical geometric and welding details of rib 
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Figure 9 Section B-B (Refer: Figure 6) 
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Figure 10 Section C-C & Section D-D (Refer: Figure 6) 
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Figure 11 Details of subfloor beam-to-rib weld 
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Figure 12 Section E-E (Refer: Figure 6)
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Figure 13 Front elevation of the test setup 
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Figure 14 Side elevation of test setup
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Figure 15 Connection of floor beam to wall fixture 
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Figure 16 Instrumentation on top face of deck plate 
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Figure 17 Instrumentation of deck plate at SE-B on SFB1 
 
 
Figure 18 Instrumentation of deck plate at SE-A on SFB1 
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Figure 19 Instrumentation of deck plate at SE-B on SFB2a 
 
 
Figure 20 Instrumentation of deck plate at SE-A on SFB2a 
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Figure 21 Strain gauges under the actuator #3 at Rib 7 
 
 
Figure 22 Strain gauges under the actuator #4 at Rib 7 
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Figure 23 Instrumentation on the underside of deck
 176 
 
 
Figure 24 Instrumentation of SE-A (east face). East face of SE-B instrumented similarly 
 177 
 
 
Figure 25 Instrumentation on south face of SFB1 at Rib 2 (north face strain gauges 
in parentheses) 
 
Figure 26 Instrumentation on south face of SFB1 at Rib 3 (north face strain gauges 
in parentheses). Refer Figure 25 for the location of strain gauges 
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Figure 27 Instrumentation on south face of SFB1 at Rib 7 (north face strain gauges 
in parentheses). Refer Figure 25 for the location of strain gauges 
 
Figure 28 Instrumentation on south face of SFB1 at Rib 8 (north face strain gauges 
in parentheses). Refer Figure 25 for the location of strain gauges 
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Figure 29 Instrumentation on south face of SFB2a at Rib 2 (north face strain gauges 
in parentheses). Refer Figure 25 for the location of strain gauges 
 
Figure 30 Instrumentation on south face of SFB2a at Rib 3 (north face strain gauges 
in parentheses). Refer Figure 25 for the location of strain gauges 
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Figure 31 Instrumentation on south face of SFB2a at Rib 7 (north face strain gauges 
in parentheses). Refer Figure 25 for the location of strain gauges 
 
Figure 32 Instrumentation on south face of SFB2a at Rib 8 (north face strain gauges 
in parentheses). Refer Figure 25 for the location of strain gauges 
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Figure 33 Measured tire patches of the crawl test truck
 182 
 
 
Figure 34 Weighing of truck 
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Figure 35 Crawl test Position 1 (looking north) 
 
 
 
 
Figure 36 Crawl test Position 2 (looking north) 
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Figure 37 Crawl test Position 2 (looking north) 
 
 
 
 
Figure 38 Crawl test Position 4 (looking north) 
 185 
 
 
Figure 39 Crawl test Position 5 (looking north) 
 
 
 
 
 
Figure 40 Crawl test Position 6 (looking north) 
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Figure 41 Crawl test Position 7 (looking north) 
 
 
 
 
Figure 42 Crawl test Position 8 (looking north) 
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Figure 43 Crawl test setup  
 
 
Figure 44 Arrangement of overhead actuators 
N
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Figure 45 Loading protocol for static and fatigue testing
 189 
 
 
Figure 46 Loading protocol for static test 
 
Figure 47 Loading protocol for fatigue test 
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Figure 48 Inspection protocol for fatigue testing 
  
 
191
 
Figure 49 Global model of the deck specimen 
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Figure 50 Underside view of the global model 
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Figure 51 Location of SM1  
  
 
194  
Figure 52 Section view submodel 1 (SM1) of prototype deck 
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Figure 53 Location of the SM2 
 
Figure 54 Submodel 2 (SM2) 
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Figure 55 Location of the load patches in crawl test simulations (Positions 1 to 4) 
 197 
 
 
Figure 56 Location of the load patches in crawl test simulations (Positions 5 to 8) 
 198 
 
 
Figure 57 Longitudinal positions of the truck considered for crawl test simulation 
(LC-1 to LC-4) 
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Figure 58 Longitudinal positions of the truck considered for crawl test simulation 
(LC-5 to LC-8) 
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Figure 59 Configuration of the load patches on the global model simulating static 
test 
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Figure 60 FBD of experimental setup in LS-1 (static test) 
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Figure 61 FBD of experimental setup in LS-1 (FEA) 
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Figure 62 FBD of experimental setup in LS-4 (static test) 
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Figure 63 FBD of experimental setup in LS-4 (FEA) 
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Figure 64 Reaction experienced by floor beam in LS-1 (static test) 
 
Figure 65 Reaction experienced by floor beam in LS-1 (FEA) 
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Figure 66 Rotational spring at the fixed end of the floor beam
 207 
 
 
 
Figure 67 Deformation of deck in static test simulation in LS-1: (a) top view; (b) 
underside view 
 208 
 
 
Figure 68 Deformation of deck in static test simulation in LS-2: (a) top view; (b) 
underside view 
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Figure 69 Deformation of deck in static test simulation in LS-3: (a) top view; (b) 
underside view 
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Figure 70 Deformation of deck in static test simulation in LS-4: (a) top view; (b) 
underside view 
 211 
 
 
Figure 71 Principal stress contour and deformation at the north of end in LS-1 
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Figure 72 Longitudinal stress on the top face of the deck plate at a section through 
the load patch in static test simulation 
 
Figure 73 Longitudinal stress on the bottom face of the deck plate at a section 
through the load patch in static test simulation 
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Figure 74 Longitudinal stress on the top face of Rib 4 at a section central to the rib 
static test simulation 
 
Figure 75 Longitudinal stress on the bottom face of Rib 4 at a section central to the 
rib static test simulation 
 214 
 
 
 
Figure 76 Location of the section X-X
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Figure 77 Transverse stresses and deformation of deck at section X-X in LC-5 of Position 3 in crawl test simulation 
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Figure 78 Transverse stresses and deformation of deck at section X-X in LC-5 of Position 4 in crawl test simulation 
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Figure 79 Transverse stresses and deformation of deck at section X-X in LC-5 of Position 5 in crawl test simulation 
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Figure 80 Transverse stresses and deformation of deck at section X-X in LC-5 of Position 6 in crawl test simulation 
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Figure 81 Deformed shape of the deck at Section X-X in static test simulation (magnification: 100×) 
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Figure 82 Maximum deformation of ribs at section X-X in LS-3 of static test simulation 
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Figure 83 Transverse stresses on the top face of deck and external face of rib in LS-3 of static test simulation 
 
 
Figure 84 Transverse stresses on the bottom face of deck and internal face of rib in LS-3 of static test simulation 
 222 
 
 
Figure 85 Influence line of the weld toe on the west side of Rib 7 
 
Figure 86 Influence line of the weld root on the west side of Rib 7 
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Figure 87 Influence line of the weld toe on the east side of Rib 7 
 
Figure 88 Influence line of the weld root on the east side of Rib 7 
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Figure 89 Influence line of the weld toe on the west rib wall of Rib 7 
 
Figure 90 Influence line of the weld toe on the east rib wall of Rib 7 
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Figure 91 Maximum deformations of SFB1 in LS-1 of static test simulation (magnification: 100×) 
 
Figure 92 Maximum deformation of SFB2a in static test simulation in LS-3 (magnification: 100×) 
 
Figure 93 Comparison of deformation of SFB1(LS-1) and SFB2a (LS-3) in static test simulation (magnification: 100×) 
 226
Figure 94 Shear force and bending moment diagram of 
 
 
SFB2a in LS-3 
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Figure 95 Maximum principal stresses in SFB1 in LS-1 in static test simulation 
 
 
Figure 96 Maximum principal stresses in SFB2a in LS-3 in static test simulation 
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Figure 97 Deformation of SFB2a in LS-3 in static test simulation(magnification: 100×) 
 229 
 
 
Figure 98 Out-of-plane bending of SFB2a in LS-3 in static test simulation
 230
Figure 99 Maximum principal stress in SFB2a
 
 
 at Rib 3 in LS-3 in static test simulation 
 
  
Figure 100 Maximum principal stress in the bulkhead plate under LS
simulation 
Figure 101 Stresses normal to the weld toe under LS
231 
-3 in static test simulation
 
-3 in static test 
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Figure 102 Principal stress and normal stress at weld toe 
  
233
Figure 103 Principal stress along the path passing through the center of the bulkhead plate 
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Figure 104 Variation of principal stress along the path perpendicular to weld toe 
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Figure 105 Out-of-plane bending of bulkhead plate in LS-3 in static test simulation 
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Figure 106 Longitudinal stress in Rib 3 in position 3 
 
 
Figure 107 Deflection of Rib 3 in position 3 
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Figure 108 Longitudinal stress in Rib 4 in position 3 
 
 
Figure 109 Deflection of Rib 4 in position 3 
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Figure 110 Longitudinal stress in Rib 3 in position 5 
 
 
Figure 111 Deflection of Rib 3 in position 5 
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Figure 112 Longitudinal stress in Rib 4 in position 5 
 
 
Figure 113 Deflection of Rib 4 in position 5 
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Figure 114 Transverse stresses in the west rib wall of Rib 7 in position 3 
 
 
Figure 115 Transverse stresses in deck plate west of Rib 7 in position 3 
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Figure 116 Transverse stresses in the east rib wall of Rib 7 in position 3 
 
 
Figure 117 Transverse stresses in deck plate east of Rib 7 in position 3 
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Figure 118 Transverse stresses in the west rib wall of Rib 7 in position 5 
 
 
Figure 119 Transverse stresses in deck plate at Rib 7 in position 5 
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Figure 120 Transverse stresses in the west rib wall of Rib 7 in position 5 
 
 
Figure 121 Transverse stresses in deck plate at Rib 7 in position 5 
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Figure 122 Verification of sudden change stresses on the rib wall 
 
 
Figure 123 Verification of sudden change stresses on the deck plate 
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Figure 124 Bending and axial stress in west rib wall of Rib 7 
 
 
Figure 125 Bending and axial stress in east rib wall of Rib 7 
 246 
 
 
Figure 126 Load cases and sections for which the deformed shapes are plotted 
  
Figure 127 (a) Deformed shape of the deck at section at SFB2a under LC
Figure 127 (b) Deformed shape of the deck at section X
Figure 127 (c) Deformed shape of the deck at section Y
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Figure 128 (a) Deformed shape of the deck at section at SFB2a under LC
Figure 128 (b) Deformed 
Figure 128 (c) Deformed shape of the deck at section Y
248 
shape of the deck at section X-X under LC-
-Y under LC-
 
-6 
 
6 
 
6 
  
Figure 129 (a) Deformed shape of the deck at section at SFB2a under LC
Figure 129 (b) Deformed shape of the deck at section X
Figure 129 (c) Deformed shape of the deck at section Y
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Figure 130 Representation of LC-5 by LC-6 and LC-7 
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Figure 131 Location of sub-model
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Figure 132 Sub-model to verify the stress profile at rib-to-deck connection
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Figure 133 Analysis of the sub-model with measured tire patches 
 
Figure 134 Normal stresses in west rib wall of Rib 7 with sub-model results 
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Figure 135 Normal stress in east rib wall of Rib 7 with sub-model results 
 
Figure 136 Bending and axial stress in west rib wall of Rib 7 with sub-model results 
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Figure 137 Bending and axial stress in east rib wall of Rib 7 with sub-model results 
 
Figure 138 Sub-model with measured tire patches shifted (2 in) west  
 256 
 
 
Figure 139 Normal stresses in the west rib wall of Rib 7 with sub-model results 
 
 
Figure 140 Normal stresses in the east rib wall of Rib 7 with sub-model results 
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Figure 141 Bending and axial stress in west rib wall of Rib 7 with sub-model results 
 
 
Figure 142 Bending and axial stress in east rib wall of Rib 7 with sub-model results 
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Figure 143 Transverse stresses in measured by channel 216 in positions 3 and 5 
 
 
Figure 144 Deflection of SFB2a recorded by LVDT channel 380 in positions 3 and 5 
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Figure 145 Principal stresses in SFB1 at west of Rib 3 in position 5 
 
 
Figure 146 Principal stresses in SFB1 at east of Rib 3 in position 5 
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Figure 147 Principal stresses in SFB1 at west of Rib 7 in position 5 
 
 
Figure 148 Principal stresses in SFB1 at east of Rib 7 in position 5 
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Figure 149 Principal stresses in SFB2a at west of Rib 3 in position 5 
 
 
Figure 150 Principal stresses in SFB2a at east of Rib 3 in position 5 
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Figure 151 Principal stresses in SFB2a at west of Rib 7 in position 5 
 
 
Figure 152 Principal stresses in SFB2a at east of Rib 7 in position 5 
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Figure 153 Transverse stress measured by channel 18 crawl test result position 5 
 
 
Figure 154 Transverse stress measured by channel 19 crawl test result position 5 
 264 
 
 
Figure 155 Transverse stress measured by channel 20 crawl test result position 5 
 
 
Figure 156 Transverse stress measured by channel 21 crawl test result position 5 
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Figure 157 Vertical displacements recorded by LVDTs in LS-3 
 
Figure 158 Longitudinal stresses measured by the strain gauges on the north of 
SFB2a in LS-3 
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Figure 159 Longitudinal stresses recorded by the strain gauges on the south of 
SFB2a in LS-4 
 
Figure 160 Transverse stresses on the deck plate on SFB1 in LS-2 
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Figure 161 Transverse stresses on the deck plate on SFB2a in LS-3
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Figure 162 Stresses measured by the strain gauges installed at the deck splices at SFB1  
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Figure 163 Stresses measured by the strain gauges installed at the deck splices at SFB2a
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Figure 164 Response recorded by channels 27 and 366 
 
 
Figure 165 Response recorded by channels 26 and 364 
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Figure 166 Axial and bending response on the west rib wall of Rib 7 
 
Figure 167 Axial and bending response on the east rib wall of Rib 7 
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Figure 168 Transverse stresses in ribs 6 and 7 
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Figure 169 Principal stresses in stringer extension cutouts (east face) 
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Figure 170 Stresses recorded by the strain gauges on SFB1 at Rib 3 (looking north) 
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Figure 171 Stresses recorded by the strain gauges on SFB1 at Rib 7 (looking north) 
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Figure 172 Transverse stresses on the top of deck plate and bottom of SFB2a 
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Figure 173 Transverse stress distribution along the depth of SFB2a at Rib 5 (measured stress in parenthesis)
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Figure 174 Stresses recorded by the strain gauges on SFB2a at Rib 3 (looking north) 
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Figure 175 Stresses recorded by the strain gauges on SFB2a at Rib 7 (looking north) 
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Figure 176 Maximum principal stresses and the location of strain gauges on Rib 3 at SFB2a (looking north)
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Figure 177 Stresses measured by strain gauges at the cutout 
 
Figure 178 Stresses measured by strain gauges arranged along an arc 
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Figure 179 Transverse stresses measured by strain gauges on bulkhead plate in Rib 3 at SFB2a (looking north)
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Figure 180 Paint damage on SFB2a splice angle
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Figure 181 Rotation of bolts on SFB1 
 
 
 
Figure 182 Rotation of bolts on SFB2a 
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Figure 183 Rotation of bolts on SE-A 
 
 
 
 
Figure 184 Rotation of bolts on SE-B
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Figure 185 Front view of crack on end plate 
 
 
Figure 186 Cracking of end plate and stringer extension 
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Figure 187 Top view of the retrofit cutout 
 
 
Figure 188 Front view of the retrofit cutout 
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Figure 189 Details of the plate used in retrofit of deck plate
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Figure 190 Cracking of SFB 2a at the east side of Rib 3 on the north face 
 
 
Figure 191 Exposed surface of the crack in SFB2a 
SFB2a
Crack
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Figure 192 Modification of cutout in SFB2a at Rib 3 (looking north)  
 291 
 
 
Figure 193 Stress measured by strain gauges after retrofit on the east of Rib 3 
(Static_080609) 
 292 
 
 
Figure 194 Stress measured by strain gauges after retrofit on the east and west of 
Rib 3 (Static_091709) 
  
Figure 195 Direction of principal stresses at Rib 3(looking north)
 
 
Figure 196 Cracking mode 
293 
 
 
of the rib-to-subfloor beam weld along the weld toe
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Figure 197 Principal stress along a path at cutout in SFB2a at Rib 3 
 
Figure 198 Cracking mode of the rib-to-subfloor beam weld through the weld 
 295 
 
 
Figure 199 Stress along the path at the toe of SFB2a to Rib 3 weld  
 
 
Figure 200 S-N curve for the crack on cutout in SFB2a at Rib 3 
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Figure 201 Change in stresses observed on north face of SFB2a at Rib 3 
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Figure 202 Change in stresses observed on north face of SFB2a at Rib 7 
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Figure 203 Change in stresses observed on south face of SFB2a at Rib 7 
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Figure 204 Cutout provided to access the bulkhead plate for inspection
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Figure 205 Cracking of bulkhead plate in Rib 3 at SFB 2a (north face) 
 
 
Figure 206 Cracking of bulkhead plate in Rib 3 at SFB 2a (south face) 
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Figure 207 Cracking of bulkhead plate in Rib 7 at SFB 2a (north face)  
 
 
Figure 208 Cracking of bulkhead plate in Rib 7 at SFB 2a (south face) 
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Figure 209 Cracked surface of bulkhead plate 
 
 
Figure 210 Cruciform connection with root cracking 
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Figure 211 Estimate of life for bulkhead plate-to-rib weld  
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